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IKnowledge is not a looseleaf 
notebook of facts. Above all 
it is responsibility for the 
integrity of what we are, 
primarily of what we are as 
ethical creatures. The personal 
commitment of a man to his 
skill, the intellectual 
commitment and the emotional 
equipment working together as 
one, has made the Ascent of man.
William Blake (1757-1827)
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A D D E N D U M
Some important findings have been achieved since the
typing of this thesis. Rich and Bendall (1975) Cambridge have
produced a detailed survey of plant microsomal cytochromes.
They found high levels (>0.1 nmofc /mg protein) of cytochrome
p~450 in pre-vernalised tulip bulbs (Tulipa gesnerana L. var.
Giant yellow). Cytochrome b_ (>0.1nmol/mg protein) was
' o
detected in Phaseolus vulgaris hypocotyl, Zea mays root and 
Hordeum vulgare shoots (grown in the dark). Rich,Cammack 
and Bendall (197 5) studied tulip bulb microsomes using electron 
paramagnetic resonance. They found no evidence of non-haem- 
iron sulphur protein involvement. Redox titration of the cyto­
chrome P-450 gave a value of -315 + 15 mV at pH 6.8 and 25°C,
Young and Beevers (197 6) subjected homogenates from 
germinating castor bean (Ricinus communis) endosperm to 
fractionation by sucrose density gradient centrifugation and 
examined for mixed function oxidase activity. Activity of 
cinnamic acid 4-hydroxylase and p-chloro-N-methylaniline 
N-demethylase was highest in the endoplasmic reticulum 
fraction. Activity of both enzymes is dependent on NADPH 
and on molecular oxygen; both activities are inhibited by 
carbon monoxide . When challenged with a number of potential 
inhibitors the enzymes responded in ways fairly typical of 
mixed function oxidases from other plants and animals. The 
N-demethylase appears to be specific for N-methylarylamines.
Rich, P.R. and Bendall, D.S. (1975) Eur. J. Biochem.
55 , 333-341.
Rich, P.-R>, Cammack, R. and Bendall, D.S. (1975)
Eur. J. Biochem. 59, 281-286.
Young, O. and Beevers, H. (197 6) Phytochemistry, 15, 
379-385.
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ABSTRACT
The present investigations were primarily aimed at confirming 
the presence and defining the properties and function of cytochrome 
P-450 in higher plants. This involved a survey of the metabolism of 
various compounds including, fatty acid oxidation, the biosynthesis 
of phenolic compounds, as well as 'foreign compounds'. Comparative 
studies were undertaken with hepatic and extra-hepatic mammalian 
tissues. Cytochrome P-450 was demonstrated in both microsomal and 
mitochondrial fractions from various mammalian tissues; but is 
associated only with the 105,000g x 60 min pellet fractions of the 
higher plants investigated, including avocado pear, pea seedlings, 
bean cotyledons and sweet com seedlings. With the exception of 
the avocado mesocarp, the cytochrome P-450 detected in higher plants 
was found to be transient in the absence of added thiol reagents and 
glycerol. The avocado pear type of 'P-450* was more akin to rat liver 
cytochrome P-450 especially in response to storage, deoxycholate and 
phospholipase C treatment. Binding spectra studies with various 
endogenous and 'foreign' substrates metabolized by the liver microsomal 
mixed function oxidase system showed that the capacity of plant tissue 
is much more limited. A variety of compounds elevated hepatic microsomal 
cytochrome P-450, but only safrole significantly altered levels in mesocaip 
tissues, while in other plant tissues,levels remained unaltered.
The ability of some plant tissues (especially avocado mesocarp) to 
metabolize a variety of anutrients including:the hydroxylation of aniline, 
benzo£a]pyrene and biphenyl, N-demethylation of £-chloro-N-methyl-aniline 
and the 0 -demethylation of £-nitroanisole were compared with rat liver.
V'ITtese activities were either not detectable in plant material or were 
present at one or more orders of magnitude lower than those found in 
hepatic tissues. Levels found in extra-hepatic mammalian tissues
o . ■
seemed more akin both in terns of quality and quantity with those found 
in avocardo mesocarp. Both NADPH^-cytochrome c and NADPH^-cytochrome 
P-450 reductases were detected in hepatic and mesocarp 105,000g fractions. 
Inhibitors effective in mammalian cytochrome P-450 mediated reactions 
caused little or no effect when tested with corresponding reactions in 
higher plants, this may be a problem of penetration rather than binding. 
NADH2 was capable of replacing NADPH2 in plant reductase systems.
Mesocarp and hepatic fractions were found to metabolize lauric acid, 
and although identifications of metabolites has not been completed, 
inhibition studies and cofactor requirements indicate possible cytochrome 
P-450 mediation. Similar studies on cinnamic acid hydroxylation indicate 
a role for the cytochrome in the biosynthesis of phenolics in various 
higher plants.
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A. INTRODUCTION
In recent years, many investigators have focused their attention 
on the metabolism of foreign compounds by a group of nonspecific enzymes 
usually associated with the endoplasmic reticulum of various tissues. The 
versatility of these enzymes is unique in biochemistry for they catalyze 
such widely diverse reactions as the oxidation of alkanes and aromatic 
compounds, the epoxidation of alkenes, polycyclic hydrocarbons, and 
halogenated benzenes, the dealkylation of the secondary and tertiary amines, 
the conversion of amines to N-oxide, hydroxylamine, and nitroso derivatives, 
the oxidative cleavage of ethers and organic thiophosphate esters, and the 
conversion of phosphothionates to their phosphate derivatives. In addition, 
these enzymes may catalyze the reduction of azo-compounds and nitro 
compounds to primary aromatic amines and possibly the reductive cleavage of 
halogenated alkanes, such as carbon tetrachloride to free radicals. These 
oxidative reactions require both NADPH2 and molecular oxygen, they are 
monooxygenase reactions in that one atom of oxygen is incorporated in the 
organic compound, the other being reduced to water: they are frequently 
called mixed function oxidases, according to the nomenclature of Mason 
(1957). In this system the haemoprotein cytochrome P-450 is the terminal 
oxidase.
The reduced form of the haemoprotein combines with CO to give an 
intense absorption peak at 450nm, and the provisional name of ’P-450’
(pigment 450) was given, before Qrnura and Sato characterised it in 1964 and 
gave it the'.name cytochrome P-450. This CD-binding pigment is found in 
abundance both in the endoplasmic reticulum of liver where its prime 
function is drug hydroxylation and in the endoplasmic reticulum and 
mitochondria of adrenal cortex where it is involved in steroid hydroxylation. 
Lesser amounts are found in the kidney and intestinal mucosa, as well as, 
the mitochondria of the coipus luteum.
Cytochrome P-450 has been detected in a wide variety of animal 
species and in invertebrates (Table I, page 5), as well as, in bacteria, 
in bacteroids and in yeast. Cytochrome P-450 should not be assumed to be 
identical in every tissue or species. The substrate specificities of the 
enzyme systems involving adrenal and hepatic cytochrome P-450 differ 
greatly, and differences are also seen in the substrate specificities of 
the drug metabolizing systems of hepatic microsomes from different species. 
These differences are probably related to variations in the way cytochrome 
P-450 is associated with the microsomal-membrane, or in qualitative or 
quantitative differences in the other components of the enzyme system. It 
is also possible that cytochrome P-450 may vary in amino acid sequence.
With this in mind it is hoped to confirm the evidence for the existence of 
a P-450 type cytochrome in higher plants and also to study the possible 
functions of this cytochrome within the plant environment.
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B. CYTOCHIKME P-4S0
i) History
Studies in the early 1950's established that the liver 
endoplasmic reticulum or its fragments, the microsomal fraction, contain 
an enzyme system that can convert drugs and other foreign compounds into 
more polar compounds (Axelrod, 1955; Brodie et al., 1955; Mitoma et al., 
1956). At present many reactions are known to be catalyzed by liver 
microsomal enzymes and to require NADP^and molecular oxygen. The 
reactions include N-, 0 - and S-dealkylations as well as aliphatic and 
aromatic hydroxylations (Gillette, 1966). However, the problem of whether 
the various reactions are catalysed by different enzymes remains 
unresolved.
Klingenberg (1958) and Garfinkel (1958) reported the presence of a 
carbon monoxide binding pigment in liver microsomes. Omura and Sato 
(1964a,b) showed the pigment to be a cytochrome of redox potential = +0.34v 
and named it cytochrome P-450 from the position of the absorption peak of 
the carbon monoxide complex of the reduced pigment (reduction being readily 
achieved with dithionite). Photochemical activation spectra for a number 
of microsomal mixed function oxidases that are inhibited by carbon 
monoxide have demonstrated the role of cytochrome P-450 as the oxygen 
activating enzyme for many microsomal oxidations. For example, the 
inhibition by carbon monoxide of the demethylation of codeine can be 
maximally reversed by light of 45Qnm (Omura et al. , 1965).
ii) Occurrence
Since the original findings haemoproteins having similar spectral 
properties have been widely detected in both the animal and microbial
kingdoms, and are collectively called ’’cytochrome P-450”. The species 
in which cytochrome P-450 has been detected are given in Table I (page 5). 
Most proteins of this family occur in a membrane bound state as in the 
case of microsomal cytochrome P-450 from liver, kidney, adrenal cortex and 
intestinal mucosa; mitochondrial cytochrome P-450 from several endocrine 
glands and cytochrome P-450 in particulate fractions from yeast.
Mammalian 'P-4501 is found in tissue concerned with either a specific 
metabolic step (adrenal cortex) or tissue under challenge (liver), tissue 
from brain and muscle fit neither category.
Studies on bacteria especially by Gunsalus et al. (1971) indicate the 
role of cytochrome P-450 in camphor hydroxylation by Pseudomonas putida. 
This form of cytochrome P-450 is usually referred to as P-450q^  , because 
of its substrate specificity shown by its inability to catalyze the 
hydroxylation of steroids, hexobarbital or laurate. In fungal systems 
a role for cytochrome P-450 has been suggested in Claviceps purpurea,, as 
well as, Candida tropical is. In the former the presence of cytochrome 
P-450 and cytochrome bs was reported by Anibike and Baxter (1970a); 
phenobarbitone caused a stimulatory effect and increased levels of 
cytochrome P-450 were paralleled by increased levels of total alkaloid. 
Cyanide produced marked and sustained reductions in both cytochrome P-450 
and total alkaloid. These results indicate a relationship between 
cytochrome P-450 and alkaloid synthesis. Various analogues of tryptophan, 
including 4-dimethylallyltryptophan were shown not to affect cytochrome 
P-450 levels but to exhibit stereospecific binding to the cytochrome . 
(Anibike and Baxter, 1970b). In the yeast a role for cytochrome P-450 was 
indicated in the hydroxylation of fatty acids and hydrocarbons (Lebeault, 
Lode and Coon, 1971; Duppel, Lebeault and Coon, 1973). The soluble enzyme 
system catalyses the conversions of fatty acids to their hydroxylated
derivatives and n-alkanes to primary alcohols.
Appleby (1969) demonstrated the presence of cytochrome P-450 in the 
N2-fixing 'bacteroids' of Rhizobium japonicum and a possible link between 
N2-fixation and cytochrome P-450 was indicated. Another possibility of 
tliis system is the presence of an oxidase pathway involving cytochrome 
P-450 which is able to function efficiently at the extremely low 02  
tension of the bacteroid environment (Daniel and Appleby, 1972).
iii) Properties of cytochrome P-450
Since mammalian microsomal hydroxylases have not yet been 
solubilized, there has been conjecture as to the number of related enzymes 
which mammalian liver microsomes contain. Early attempts to solubilize 
cytochrome P-450 in an active form failed, however recent work on the 
solubilization of hepatic microsomes (chick and rat) using a mixture of 
dithiothreitol, glycerol and deoxycholate in potassium citrate buffer 
pH 7.4 produced an extract which could be resolved into a fraction 
containing P-450, a fraction containing NADPH2-cytochrome P-450 reductase 
and another containing phosphatidylcholine (Lu and Coon, 1968; Lu et al., 
1969; Strobel et al., 1970; Lu and Levin, 1972; Symms and Juchau, 1973). 
All three fractions are necessary for the maximal oxidation of foreign 
confounds (benzphetamine, aminopyrine, ethyImorphine, hexobarbital, 
norcodeine, p-nitroanisole) and the w-hydroxylation of laurate. 
Preparations from microsomes Of kidney cortex when compared with liver 
exhibited a lower rate of foreign compound oxidation and showed spectral 
differences in steroid substrate binding to cytochrome P-450(Jakobsson et
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The binding of substrates and inhibitors to oxidized cytochrome P-450 
cause small, but significant changes in its absorbance spectrum (Schenkman 
et al., 1967 a). Compounds such as hexobarbital and ethylmorphine cause a 
decreased absorbancy at 42Qnm and an increase at about 385nm and are 
called ’Type I* substances. Other compounds such as aniline and 
nicotinamide cause increased absorbancy at approximately 430nm and a 
decrease at about 390nm and are called ’Type II’ substances (Fig.l)
Another group of compounds including N-methyl 2,4-dichloro-6 -phenyl 
phenoxy-ethylamine hydrobromide (DPEA) cause both type I and type II 
spectral changes (Sasame and Gillette, 1969). The binding affinity 
'fK value) of substrate to cytochrome P-450, which is measured 
spectrophotometrically, is not comparable to the Km value (Mannering, 1971). 
The rate controlling step in the oxidation of type I compounds is 
considered to be the rate of reduction of the cytochrome P-450 substrate 
complex. Whether this is the case for type II compounds remains to be 
determined (Gillette, 1971a)
Fig. 1. Type I and Type II binding spectra (hexobarbital type I;
aniline type II).
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Metyrapone [2-methyl-l, 2-bis-(3-pyridyl)propan-l-one] (Hildebrandt et 
al., 1969) like CO (Estabrook et al., 1970) causes spectral changes when 
it combines with reduced cytochrome P-450. The metyrapone interferes with 
mixed function oxidase reactions by modifying or obstructing the site of 0 2
(and therefore CO) interaction with reduced cytochrome P-450. It appears 
that the inactive complex will not undergo dissociation.
The existence of two forms of cytochrome P-450 was suggested by Imai 
and Sato (1966, 1968a), they used ethyl isocyanide as a ligand for reduced 
cytochrome P-450 and found two Soret peaks at 430nm and 455nm. The results 
also indicated the relative size of the peaks were pH and: ionic strength 
dependent.
Many other compounds including phenobarbital (PH) and polycyclic 
hydrocarbons [20-methylcholanthrone (20-MC) and 3,4 Hcnzo[a]pyrcncJ can 
affect both cytochrome P-450 and microsomal drug metabolising enzymes.
However the induction appears to be different for each group of compounds 
(Conney, 1967). The polycyclic hydrocarbons induce the 
synthesis of a variant of cytochrome P-450, called P.448 (Kuntzman et al., 
1969), P.446 (Hildebrandt et al., 1968), or Pi.450 (Mannering, 1971). The 
'20 MC* induced forms of cytochrome P-450 exhibits different substrate 
binding properties from the fPBf induced and resting P-450, however both 
forms appear to be interconvertible (Lu et al., 1972).
There now appears to be strong evidence for the existence of different 
species of cytochrome P-450. The original studies were on kidney cortex 
microsomal cytochrome P-450 (Orrenius and Thor, 1969; Lu, Strobel and Coon, 
1969), but more recently Jefcoate et al. (1970) have separated two forms of 
adrenocortical mitochondrial cytochrome P-450. One form demonstrated high 
1 1 8 -hydroxylase activity for 1 1 -deoxycorticosterone but low activity for 
side chain cleavage of cholesterol, while the second exhibited the reverse 
pattern of activities. Similar findings were obtained by Young et al. (1970). 
Spectral studies with metyrapone as the ligand indicated two forms of 
adrenal cytochrome P-450 (Sweat et al., 1970) . The accumulation of this 
evidence and the fact that a specific form of cytochrome P-450 for 
7a-hydroxylation of cholesterol exists in hepatic microsomal preparations 
indicates the possible multiplicity of the hepatic haemoprotein (Wada et 
al., 1969; Atkin et al., 1972; Gibbons and Mitropoulos, 1973). These 
different forms of cytochrome P-450 may show different subcellular 
locations (Ichikawa et al., 1970).
The cytochrome pigment P-450 can be converted to its inactive
counterpart the cytochrome pigment P.420 by various reagents including: 
detergents, thiols, alcohols, ketones and phospholipases (Ichikawa and 
Yamano, 1967c) After treatment with detergents or sulphydryl reagents, 
cytochrome P-420 may be converted back to cytochrome P-450 by treatment 
with polyols or reduced glutathione. The conversion to P-420 is dependent 
on temperature, pH, concentration of sodium cholate and incubation time; 
but ionic strength was of little influence. However, after treatment with 
alcohols or ketones, "P-420" could no longer be reconverted to "P-45011 by 
polyols and reduced glutathione. Similar findings were observed in 
Claviceps purpurea (Anibike and Baxter, 1970b).
C. FOREIGN COMPOUND METABOLISM
Williams (1959) indicated that foreign compounds are usually 
converted into metabolites of ever increasing polarity until finally they can 
be readily excreted by the kidney. This process usually takes place in two 
consecutive phases (Table 2, page 14). In Phase I reactions polar groups 
are introduced into non-polar compounds by oxidation, reduction and 
hydrolysis reactions, or alkyl groups are removed to uncover potential 
polar groups. In Phase II the polar group is conjugated with glucuronate, 
sulphate, glycine, acetate or methyl groups. It should be noted that 
metabolites may be located in tissues other than those in which they are 
foimed. Phase I reactions either lead to biological activation^or to a 
change in biological activity,or to inactivation. Phase II reactions may 
result in either a detoxication, or by means of what is known as lethal 
synthesis, an intoxication. Usually metabolites ate less biologically 
active than the parent compound and metabolism results in detoxication.
i) Role of the endoplasmic reticulum
The endoplasmic reticulum of the liver is the major site for the 
microsomal transformations of foreign compounds. Secondary sites of 
detoxication are located in other tissues, such as the skin, lungs, 
kidneys and gastrointestinal tract.
The endoplasmic reticulum of the cells of the liver and other tissues 
is a lipoprotein tubular network extending from the cell wall throughout 
the whole of the cytoplasm. The presence of localized areas of ribosomes 
divides the reticulum into two distinct types; namely the rough 
endoplasmic reticulum where ribosomes adhere to the tubular network, and 
the smooth endoplasmic reticulum which is devoid of ribosomes. Associated 
mainly with the smooth endoplasmic reticulun are certain enzymes called
Table 2
PHASE I AND PHASE II REACTIONS CARRIED OUT BY
NON-SPECIFIC LIVER ENZYMES
Reaction An Bcample £ubs'trate Enzyme Location
PHASE I
OXIDATIONS
hydroxylation 
dealkylation 
oxide formation 
desulphuration 
dehalogenation 
alcohol oxidation
aldehyde oxidation
biphenyl
ethylmorphine
chlorpromazine
thiobarbital
halothane
alcohol
benzaldehyde
microsomes 
microsomes 
microsomes 
microsomes 
microsomes 
soluble fraction 
microsomes (minor) 
soluble fraction
REDUCTIONS
aldehyde reduction 
azoreduction
nitroreduction
chloral hydrate
p-dimethylaminoazo-
benzene
p-nitrobenzoic acid
soluble fraction 
soluble fraction 
microsomes 
microsomes/soluble
HYDROLYSES
de-esterification
deamination
acetanilide
p-hydroxybenzamide
microsomes/soluble
microsomes
PHASE II
glucuronide conjugation
acetylation
methylation
mercapturic acid formation 
sulphate conjugation
4-methylumbelliferone
isoniazid
thiouracil
aniline
phenol
microsomes
mitochondria/s oluble 
soluble fraction 
soluble fraction 
soluble fraction
(Gillette, 1971a)
"mixed function oxidases", which are concerned with the metabolism of 
foreign compounds, steroids and lipids. The enzymes are in close 
association with the lipoprotein membrane of the endoplasmic reticulum.
They appear to be synthesized in the rough reticulum, but when this 
becomes saturated with enzymes, the ribosomes appear to fall off 
leaving smooth reticulum (Ernster and Orrenius, 1965; Gillette,
1969; Gelboin, 1972).
ii) Oxidation by microsomal enzymes
Biological oxidations (oxygenations) catalyzed by the microsomal 
systems include a wide range of reactions; all of which may be ascribed to 
one common mechanism, namely, hydroxylation (Parke, 1968):
Aromatic hydroxylation: R-C6H5  — ► R-CeH^QH
Acyclic oxidation: R-CH3 — — ► R-CH2QH
0-Dealkylation: R-O-CH3 >  R-0GH20H — -> ROH + HCHO
N-Dealkylation: R-NH-CH3 -- — * R-NHCH2 0H — ► RNH2+ HCHO
Deamination: R R R
\ \ \
CHNH2 — CCCW)NH2 -► CO + nh3
/ / /
R R R
N-oxidation R3N [R3NOH]+ — *■ R3NO + H+
Sulphoxidation: R - S - R1 — +• [R-S+(OH)-r'] ->R - S - r’ + H+
18
All these reactions require NADPH2 and oxygen, and experiments with 02
18 ' 
and H2 0 in the hydroxylation of phenylalanine (Kaufman, 1957) and steroid
hormones (Mason, 1957) have shown that the oxygen introduced is derived from
molecular oxygen and not from water.
iii) Hydroxylation by hepatic tissues
Microsomal hydroxylation occurs by a coupled redox reaction in 
which NADPH2 reduces a component which then combines with oxygen to form 
an "active oxygen" intermediate. The "active oxygen" intermediate then 
reacts with the foreign compound in the presence of non-specific 
microsomal enzymes. The postulated sequence is shown as follows (Gillette 
1963):
1. NADPH + A + H+ ----— ► AH2 + NADP+
2. AH2 + 02 ---—► "active oxygen"
3. "Active oxygen" + drug -— > oxidized drug + A + H20
NADPH + H+ + 02 + drug = NADP+ + H20 + oxidized drug
Gillette did not specify the nature of the "active oxygen" but assumed "A" 
to be the microsomal flavoprotein, NADPH2 cytochrome c reductase. In 1962 
Omura and Sato showed "A" to be an haemoprotein. Eventually this 
haemoprotein was found to be cytochrome P-450 (Hill et al., 1970; 
Mannering, 1971). It therefore appears that cytochrome P-450 participates 
in the metabolism of foreign compounds, as well as, endogenous substances 
such as fatty acids, cholesterol, steroid hormones and haem (Cooper et al. 
1965).
The reduction of cytochrome P-450 by NADPH2 is probably mediated by 
NADPH2-cytochrome c reductase. This idea is supported by the inhibition 
of various reactions involving cytochrome P-450 by cytochrome c (Gillette 
et al., 1958), and the more recent finding that an antibody of NADPH2- 
cytochrome c reductase blocks aniline hydroxylation by liver microsomes 
(Omura, 1969). It also seems likely that a molecule of reductase may 
serve to reduce as many as 20 molecules of cytochrome P-450 (Estabrook and 
Cohen, 1969).
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A proposed mechanism for cytochrome P-450 mediated mixed function 
oxidase reactions can be seen in Fig. 3 (page 17). The substrate combines 
with oxidized cytochrome P-450 to form a complex which is reduced either 
directly by NADPH2-cytochrome c reductase or indirectly via an 
unidentified electron carrier (Estabrook et al., 1971a) The reduced 
cytochrome P-450 complex then reacts with oxygen to form an "active oxygen" 
complex, which eventually decomposes with the formation of the oxidized 
substrate and oxidized cytochrome (Gillette, 1971b). In 1971 the scheme 
was expanded to include cytochrome b5 (Estabrook et al., 1971b). The 
proposed function of cytochrome bs was to donate an electron to the 
oxygenated intermediate of reduced cytochrome P-450 substrate complex and 
initiate a concerted reaction for the hydroxylation of substrate and 
regeneration of the ferric form of cytochrome P-450. In this mechanism 
the concentration of reduced cytochrome b5 is limiting when there is a 
suboptimal supply of NADPH2 reducing equivalents available, i.e. the 
partitioning of reducing equivalents does not saturate the second electron 
requiring reaction for cytochrome P-450 function, and NADH2 can then 
provides the necessary reducing equivalents for the obligatory second donation 
reaction.
More recently Jansson and Schenkman (1973) have produced evidence 
against the participation of cytochrome bs in hepatic microsomal mixed-
f »
function oxidase reactions. Using the detergent Triton X-100 they 
solubilized cytochrome bs from hepatic microsomes, and when this 
solubilized preparation was added to hepatic microsomal preparations which 
had not been treated with detergent marked inhibition of aminopyrine 
demethylase was observed. Even the addition of NADH2 to the NADPH2  
supported reaction did not prevent the inhibition, although the added 
cytochrome b 5 functioned as an endogenous haemoprotein, i.e. it was 
reduced by NADH2 and stimulated
19.
g. 4 The roles o-f putidaredoxin and cytochrome P-450^^ in methylene 
hydroxylation in Pseudomonas putid& (Tyson et aL, 1972).
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the reduction of exogenous cytochrome c. These observations indicate that 
cytochrome bs may not participate in at least one mixed-function oxidase 
reaction.
iv) Hydroxylation by bacterial systems
The hydroxylation of camphor by Pseudomonas putida involves a 
similar system to that described for the hydroxylation of various substrates 
in mammalian liver. The major difference appears to be the involvement of 
the non-haem-iron sulphur protein, putidaredoxin in the cytochrome P-450^^- 
mediated hydroxylase system of Pseudomonas putida Fig. 4  (page 19) 
Putidaredoxin is not replaced efficiently by other non-haem-iron sulphur 
proteins, nor by the phospholipid from the hepatic microsomal cytochrome 
P-450 system (Tyson et al., 1972). Using rapid scan spectroscopy the 
oxygenated form of P-450^^ was shown to be dominant during NADH2 turnover 
in the reconstituted system. In this system steady state kinetic data 
indicate that for every one molecule of putidaredoxin taking part one 
molecule of cytochrome P-450^^ is also involved and possibly one molecule 
of reductase. The electron transfer from NADH2 through the flavoprotein 
and putidaredoxin to the substrate bound cytochrome P-450^^ complex occurs 
rapidly with the transfer from putidaredoxin to the cytochrome P-450^^ 
substrate complex being rate limiting (Lipscomb and Gunsalus, 1973).
v) Hydroxylation of steroids
The 11$-hydroxylation of steroids in the adrenocortical 
mitochondria (Fig. 5 , page 21) (Simpson and Boyd, 1967; Cooper et al., 1967; 
Ando and Horie, 1971; Ando, 1973; Shikita et al., 1973) cholesterol side 
chain cleavage and the C-21 hydroxylation of steroids in adrenocortical 
microsomes (Cooper et al., 1965; Cooper et al., 1973) all require NADPH2  
reduction of cytochrome P-450 via an electron transport chain which 
includes a flavoprotein as the acceptor of electrons from NADPP^ (Gnura et
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al., 1966). The non-haem-iron sulphur protein, adrenodoxin, is required 
for the NADPH2 dependent reduction of both cytochrome c and cytochrome P-450 
in adrenocortical mitochondria, the flavoprotein is assumed to be NADPH2- 
cytochrome c reductase. However an antibody of NADPH2-cytochrome c reductase 
inhibits cytochrome P-450 reduction in bovine adrenocortical microsomes, but 
not in the mitochondria (Masters et a l . 1971). In adrenocortical 
mitochondria, adrenodoxin antibody inhibits NADPH2 dependent cytochrome 
P-450 reduction, but does not block this reaction in the microsomal system 
of liver and adrenal cortex.
vi) Microsomal inductions
The involvement of cytochrome P-450 in various hydroxylation 
reactions is clearly indicated, however after much speculation it now seems 
likely that it is involved in the reduction of nitro groups (Fouts and 
Brodie, 1957; Kato, Oshima and Takanaka, 1969). Nitro compounds such as 
chloramphenicol, p-nitrobenzoic acid and nitrobenzene, are reduced to 
primary amines by the enzyme (s), localized mainly in microsomes of hepatic 
tissue and are relatively minor in amounts in kidney and lung. Nitroso and 
hydroxylamine derivatives are presumably intermediates in the reduction of 
nitro compounds. Unlike the microsomal azo-reductase, the nitro reductase 
is active only under anaerobic condition. Moreover, azo-reductase can be 
solubilized by pancreatic lipase whereas nitro-reductase is largely 
destroyed by this process. Both reductase systems are flavoproteins, 
having FAD+ as their prosthetic group, and their enzymic activities are 
greatly increased by addition of riboflavin, FMN or FADt It was suggested 
(Kamm and Gillette, 1963) that microsomal enzymes, e.g. NADPH2-cytochrome c 
reductase, or NADH2-cytochrome b5 reductase, reduce FAD+ to FADH2 which then
reduces the foreign substrates non-enzymically.
+ NADPII2 -cytochrome c reductase
NADPH2 + FAD---------- -------- ---------- — ^ FAffl2 + NADP
non-enzymic
3FADH2 + RN02 : —  — --- — — ------ -► 3FAD+ + RNH2 + 2H20
Thus the reductase system can use either NADPH2 or NADH2 as the electron 
donor (Fouts and Brodie, 1957), and NADPH2 and NADH2 dependent systems are 
apparently mediated through Cytochrome P-450 (Gillette and Sasame, 1965; 
Gillette, Kamm and Sasame, 1968; Sasame and Gillette, 1969).
vii) Conjugation reactions
Hie product from the cytochrome P-450 requiring (phase 1) reaction 
is usually conjugated before excretion. Conjugation is carried out by 
enzymes in microsomal and soluble fractions. In mammalian hepatic tissue 
conjugation with glucuronic acid is probably the most important conjugation 
mechanism to occur in vertebrates (Dutton, 1966; Parke, 1968). The 
formation of glucuronides is a two stage process after the formation of 
UDPG (uridine diphosphate glucose). The first stage involves the 
biosynthesis of the coenzymes donor, UDPGA and the second stage involves the 
transfer of the glucuronyl moiety from UDPGA to the aglycone as shown 
below: -
Pyrophosphorylase
glucose-1-phosphate + UTP —-------------►UDP-glucose + pyrophosphate
+ UDPG
UDP-glucose + 2NAD + H20 — ----------—► UDP-glucuronic acid
dehydrogenase + 2NADH + 2H+
(soluble)
UDP-glucuronic acid + RZH  ^R.Z-glucuronic acid + UDP
transferase 
q (microsomal)
i
where Z is 0, CO, NH or S.
GlUcuronides are classified as O-glucuronides, N-glucuronides, and 
S-glucuronides. O-glucuronides are formed from phenols , alcohols and 
carboxylic acids (ester type) ; N-glucuronides from amines and S-glucuronides 
from thiols. Less common conjugation reactions are also found in mammalian 
tissues, these include: sulphate conjugation, methyl, ether, acetylation, 
amino acid conjugation and glutathione conjugation (Mandel, 1972). In 
higher plants the most common type of, conjugation involves the formation of 
glucosides (Fig.io, p. 33) .
viii) Factors affecting the metabolism of foreign compounds
To enumerate in detail all the factors influencing drug 
metabolism (Parke, 1968, 1972; Gillette, 1971a) is beyond the scope of this 
survey. Let it suffice that species (Williams, 1971), genetic factors and 
strain differences within species (Parke, 1968), age (Basu et al., 1971), 
nutrition (Adlard et al., 1969), sex (Kato and Gillette, 1965), hormones 
(Conney, 1967; Anders, 1971),stress (Parke, 1968) and drugs (Parke, 1968) 
may together or separately either enhance or inhibit foreign compound 
metabolism.
D. THE NIH SHIFT AND ARYL HYDROXYLATION
Studies with suitably labelled substrates in both animal and 
bacterial systems (Guroff et al., 1967; Guroff and Daly, 1967; and Ferris 
et al., 1973) led to the proposal of the flNIH shift" (NIH being short for 
National Institute of Health, Bethesda, Maryland) as a result of enzymatic 
aryl hydroxylation. It appears that the substituent on the aromatic ring at 
the site of hydroxyl attack is not simply expelled into the solvent but is 
retained into the final product by migration to an adjacent carbon atom by a 
series of sequential steps. When tritium and hydrogen are attached to the 
same carbon atom, there is an isotope effect, and such an isotope effect 
favours the retention of tritium (Fig.6).
Fig« 6
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Mechanism proposed for the mono-oxygenase catalyzed formation of phenols with 
concomitant NIH shift (Reed et al. , 1973).
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(Sutter and Grisebach, 1969)
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In higher plants this phenomenon has been shown to occur during the 
hydroxylation of various compounds including phenylalanine (Luckner, 1972), 
while Sutter and Grisebach (1969) have shown the existence of-the’"NIH shift" 
in flavonoid biosynthesis. They studied the incorporation of [3-1 4 C, 4-3H] 
cinnamic acid into the flavonols kaempferol and quercetin in pea seedlings 
(Pisum sativum) and; into the isoflavones foimononetin and biochanin A in 
chana seedlings (Cicer areietinum). In all cases high retention of the 
tritium label was observed and the degradation of the labelled foimononetin 
to 3-nitro-5-tritio-4 methoxybenzoic acid provided evidence that the tritium 
had migrated to a position ortho to the 4-hydroxyl group (Fig.7 , page 26) .
More recently the formation of the alkaloid N-methyltyramine from 
phenylalanine in germinating barley (Hordeum distichum) indicates that the 
"NIH shift" is in operation (Leete et al., 1971). Similar findings were 
observed in the biosynthesis of O-hydroxy cinnamic and benzoic acids in 
Gaultheria procumbens (Ellis and Amrhein, 1971), during the formation of 
p-coumaric acid from cinnamic acid in Catalpa hybrida (Zenk, 1967) and 
during the metabolism of the herbicides, 2,4-D (2,4-dichlorophenoxyacetic 
acid) and 2,4,5-T. (2,4,5-trichlorophenoxyacetic acid) by Phaseolus vulgaris 
(runner bean) and the micro-organism Aspergillus niger (Thomas et al., 1964, 
Faulkner and Woodcock, 1965; Glaze and Wilcox, 1968; Hamilton et al., 1971).
The occurrence of the ’NIH shift' in mammalian and bacterial systems 
is usually associated with cytochrome P-450, however in plants this may or 
may not be the case.
E. CYTOCHROME P-450 IN HIGHER PLANTS
Studies on the spermatophyta are limited and direct evidence for 
the presence of a P-450 type of cytochrome has proved difficult to obtain 
partly because of low levels and possibly because of the thermal instability 
of the system(Frear et al., 1969) and the presence of interfering pigments. 
Moore (1967) using a veiy sensitive spectrophotometer of the Chance design 
reported the occurrence of cytochrome b5 and cytochrome P-450 in microsomal 
preparations from Pisum sativum cotyledons and Arum macalatum spadix. There 
now appears to be a number of systems within higher plants that may require 
cytochrome P-450 participation.
i) N-Demethylation reactions
Substituted 3-(phenyl)-1,1-dimethylurea compounds are progressively 
N-demethylated by higher plants to less phototoxic monomethyl and 
demethylated derivatives (Neptune and Funderburk, 1968) as shown in Fig.8 
(page 29). The microsomal mixed function oxidase was isolated from 
etiolated cotton seedling hypocotyi extracts, leaves of cotton, plantain * 
buckwheat, wild buckwheat and broad beans Frear, 1968, and Frear et al., 1969). 
The enzyme required molecular oxygen and either NADPH2 or NADH2 as cofactors. 
Inhibition studies showed that the reaction was inhibited by CO, ionic 
detergents, sulphydryl agents, chelating agents and suitable electron 
acceptors. These results coupled with detection of the presence of cytochrome 
bs and NADPH2-cytochrome c reductase indicate the presence of an electron 
transporting system in plants similar to those found in animals. Two 
differences are greater instability, and a decreased sensitivity toward the 
insecticidal synergists 2 ,2 -diethylaminoethyl-2 ,2 -diphenyl-pentanoate 
(SKF 525A) and 2-(3,4-methylenedioxyphenoxy)-3,6,9-trioxoundecane (Sesamex).
ii) Gibberellic acid biosynthesis
Murphy and West (1969) showed using fractions prepared from the
Fig. 8 A comparison of N-demethylation reactions in higher
plant and hepatic tissues
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The Biosynthesis of Gibberellins from kaurene in liclvinocystis 
macrocarpa endosperm (Murphy and West, 1969).
CH
NADPH,
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nadph2
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Kaurenoic acid
CHO
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COOH
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00COOH
• COOH•COOH
Gibberellinic AcidGibberellin A13ydroxy-kaurenoic acid
endosperm of Echinocystis macrocarpa (wild cucumber), that the conversion of 
(-) kaur-16-ene to (t) kaur-16-en-19ol and the conversion of (-) kaur-16en- 
19aldehyde to kaur-16-en-19-onic acid, required NADPH2, molecular 02 and were 
inhibited by CO, as well as, SKF 525 A (Fig. 9, page 30).
Maximal reversal of the CO inhibition occurs at 45Qnm. It was also shown
that the reaction of carbon monoxide with the reduced haemoprotein from the
i
!
endosperm produced bands at 422nm and 453nm. These findings suggest that the 
pathways for the biosynthesis of gibberellin hormones in higher plants and 
steroid hormones in animals are analogous in that both . have an initial 
sequence of non-oxidative steps involving water soluble substrates and 
soluble cytoplasmic enzymes, followed by a sequence of aerobic oxidative 
steps involving hydrophobic substrates and membrane bound enzymes.
Rat liver preparations can also oxidize kaurene and its derivatives. A 
major difference in the two systems is that there is no evidence for the 
73-hydroxykaurenoic acid in rat liver, even though this acid is the major 
product produced by Echinocystis macrocarpa endosperm enzymes (Fig.9 , page 30)
This is probably related to mammalian liver non-specificity, while plants
are more stringent in substrate requirements as well as position of 
hydroxylation. Thus there is a greater resemblance to the oxidase systems 
found in mammalian adrenals, testis (Machino et al., 1969; Menard and 
Purvis, 1973), placenta (Bergheim et al., 1973) , aiid ovaries all of which are 
involved in specific steps in steroid biosynthesis.
iii) Hydroxylation of aromatic compounds
The cinnamic 4-hydroxylase of pea seedlings (Pisum sativum) is a 
microsomal mixed function oxidase which required NADPH2 , molecular oxygen 
and 2-mercaptoethanol for activity and is inhibited by CO. This hydroxylase 
appears to be quite specific for cinnamic acid (Russell, 1971) thus when 
phenylalanine or 4-hydroxycinnamic acid were tested as possible substrates,
there was no detectable conversion,to their respective hydroxylated 
derivatives, tyrosine and3^ 4*dihydroxy cinnamic acid (caffeic acid) Fig. 10 
(page 33 ). Once again these reactions suggest cytochrome P-450 mediation 
and indicate the plant enzyme to be much more specific than many foreign 
compound hydroxylases in animals (Hayaishi, 1969), this raises the 
possibility of a variety of enzymes with specific hydroxylase functions in
iI .
plants. I
The conversion of 4-hydroxycinnamic acid . .
to 3,4-dihydroxycinnamic acid in the leaves of spinach beet involves a 
phenolase enzyme (Vaughan and Butt, 1969a, 1970, 1972; Vaughan et al., 1969b) 
This enzyme also catalyzes the 3’-hydroxylation of a number of 
4’-hydroxyflavonoids (Vaughan et al., 1969b).
The lack of specificity in the hydroxylase action of phenolases may 
bring their role into question, however their function may be related to 
changes in phenylalanine ammonia-lyase activity, or phenolic content of the 
tissue. Phenolases may also be important in alkaloid synthesis through their 
catalysis of the oxidative deaminations 8 , 9 and decarboxylation of tyrosine 
and 3,4-dihydroxyphenylalanine to give C6 - C2 aldehydes and acids, e.g. in 
the biogenesis of norbelladine and benzyltetrahydroisoquinolines.
One other mode of hydroxylation is one involving peroxidase ( a free 
radical mechanism). Rathmell and Bendall (1972) showed that crystalline 
horseradish peroxidase catalysed the oxidation of 2 ’ ,4,4’-trihydroxychalcone 
in the presence of trace amounts of H2 02 under aerobic conditions. One atom 
of oxygen was consumed for each molecule of substrate. 4 ’, 7-dihydroxy~ 
flavonol and 4',6 -dihydroxyaurone were isolated from the reaction mixture.
The immediate products of the reaction were probably stereoisomers of 
3,4', 7-trihydroxyflavanone and 41 ,6 -dihydroxy- 2 - (ahydroxybenzy 1 ) -
Fig. 10 Formation of cinnamic acid and cinnamic
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coumaranone, which can be readily converted non-enzymically to the flavonol 
and aurone respectively.
iv) Hydroxylation of monoterpene alcohols
More recently a microsomal mixed function oxidase isolated from 
Vinca rosea seedlings was shown to catalyze the hydroxylation of the 
mono terpene alcohols geranioT and nerol, to their corresponding 1 0 -hydroxy 
derivatives (Meecham and Coscia, 1973). Like the other hydroxylase 
activities mentioned, it was dependent upon NADPH2 and oxygen and was 
associated with the 100,OOOg pellet which exhibited a characteristic reduced 
P-450-C0 binding spectra. Light (450nm) reversible inhibition by CO, as 
well as differential sensitivity to other inhibitors established the 
hydroxylase as a cytochrome P-450 type. Both geraniol and nerol were shown 
to be hydroxylated almost exclusively (Fig. 11 , page 35 ) at the C-10 methyl 
group. One end product for this step being Loganin. This hydroxylation may 
also be significant in the formation of the iridoid glucosides and the 
indole alkaloids via the formation of geranyl pyrophosphate. It has been 
suggested (Meecham and Cosica, 1973) that the further oxidation of the new 
hydroxymethyl group to the aldehyde and acid intermediates was also 
catalyzed by a mixed function oxidase.
v) Lecithin formation in castor bean endosperm
Lord et al.; (1973) have shown that the endoplasmic reticulum of 
castor bean endosperm is the site of lecithin foimation. They also found 
that the fraction contained the following components: NADPH-cytochrome c 
reductase, antimycin insensitive NADH z-cytochrome c reductase,phosphorylchol- 
ine glyceride transferase, NADH2 diaphorase and cytochromes bs and P-450.
It therefore appears that the cytochrome P-450 type found in higher 
plants may participate in a Wide variety of reactions including fatty acid
35.
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metabolism (Harwood and Stumpf, 1971; Kannangara and Stumpf, 1973)* 
N-demethylation reactions, the synthesis of gibberellins, the biosynthesis 
of phenolic compounds and the hydroxylation of monoterpene alcohols - 
suggesting its function(s) in higher plants to be much more specific than 
its hepatic counterpart. Thus it may play an important part in the 
production of pigments for insect and animal attraction, and possibly in the 
defence of the plant by the production of hydroxylated compounds called 
phytoalexiris (e.g. orchinol, phaseollin and rishitin).
p. programme of research
The major consideration of the present programme of research was 
to determine whether or not higher plants contain a P-450 cytochrome.
In view of the range of hydroxylated compounds in higher plants it 
seemed possible that the synthetic routes to phenolics would be a 
fruitful area for study. It was clearly apposite to compare and 
contrast ’foreign compound’ metabolism betweenjmammalian tissues 
(hepatic and extra-hepatic) and plant tissues. The finding that 
avocado pear mesocarp is a relatively rich source of ’stable’ cytochrome 
P-450 led to the studies on fatty acid oxidation.
Accordingly the following areas were studied:
a) Development of a suitable procedure for the detection and assay of 
cytochrome P-450 in higher plant tissues.
b) A comparative study on cytochrome P-450 levels in a variety of 
mammalian and higher plant tissues, thus enabling the selection of a 
higher plant tissue for a more detailed study.
c) The effects of various agents including, detergents, pH and storage 
on cytochrome P-450 and P-420 levels in plant and animal subcellular 
fractions.
d) The affect of 'auxin active' substances, and known inducers of 
hepatic cytochrome P-450 (e.g. phenobarbital, 20-methylcholanthrene and 
safrole) on higher plant cytochrome .P-450,
e) A spectrophotometric study on substrate interactions with the cytochrome 
P^ -450 complex.
f) The effect of inhibitors,both on hepatic and plant tissues.
g) A comparison of the qualitative and quantitative nature of mammalian 
and higher plant biotransformation of ’foreign’ compounds.
h) Comparison of the oxidation of Laurie acid in both hepatic, and 
higher plant subcellular fractions with particular regard to a role 
for cytochrome P-450.
i) An investigation of the mechanism of cinnamic acid hydroxylation. 
j) The solubilisation of the mesocarp cytochrome P-450 complex - can 
an active preparation be achieved ?
kj Location of cytochrome P-450 in higher plant tissue organelles 
— a comparison with marker enzyme distribution coupled with electron 
microscopic examination of fractions.
CHAPTER 2 
MATERIALS AND METHODS
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MATERIALS AND METHODS
A. Materials 
Cofactors:
Adenosine triphosphate (ATP) , Sigma Chemical Co.
Glucos e- 6 -phosphate (G-6 -P) "
Lactate M
Pyruvate "
Nicotinamide B.D.H.
Nicotinamide-adenine dinucleotide (NAD") Boehringer Chemicals
Nicotinamide-adenine dinucleotide phosphate (NADI*) "
Reduced nicotinamide-adenine dinucleotide (NADH2) "
Reduced-nicotinamide-adenine dinucleotide phosphate (NADPH2) "
Flavin mononucleotide (FMN) Koch-Light Ltd.
Substrates:
Aniline hydrochloride B.D.H.
Biphenyl (m.p. 70°C) "
Benzo[a]pyrene (m.p. 179°C) Eastman Organic Chem.
Cinnamic acid Koch-Light Ltd.
£-Cliloro-d\[-methylaniline hydrochloride (m.p. 105°C) Calbiochem Ltd.
2,4-Dichlprophenoxyacetic acid sodium salt Pfaltz and Bauer
p-Nitroanisole (m.p. 38°C) recrystallized from ethanol Ralph W. Emmanuel Ltd
Standards:
p-Aminophenol B.D.H.
2-Hydroxybipheny 1 (m.p. 56.5°C) ) purified by the "
4-Hydroxybiphenyl (166.5° C) 5liiethod of Bridges et ”
al., 1965
Bovine serum albumin Koch-Light Ltd.
2 -Qiloroaniline hydrochloride recrystallized from Calbiochem Ltd
ethanol
Standards (continued) 
j)-Nitrophenol (ni.p. 97°C) recrystallized from benzene Hopkins & Williams Ltd. 
Potassium dihydrogen phosphate B.D.H.
Quinine sulphate n
Enzymes:
Glucose-6 -phosphate dehydrogenase (G-6 -P-D). Type XII (250 units per mg 
protein) obtained from Torula yeast. One enzyme unit oxidises 1.0 ymol of 
glucose-6 -phosphate to 6 -phosphogluconate per min, at pH 7.4, at 25°C in the 
presence of NADP.
Lactic dehydrogenase (LDH). Type X obtained from beef muscle (600 units 
per mg protein). One enzyme unit reduces 1.0 ymol of pyruvate to lactate per 
min., at pH 7.5, at 37°C.
Both enzymes obtained from the Sigma Chemical Co. Ltd.
Possible enzyme inducers 
Indoleacetic acid B.D.H.
20-Methylcholanthrcno Eastman Organic Chem.
Naphthylacetic acid Koch-Light Ltd.
Phenobarbital (sodium Salt) May and Baker
Safrole and Isosafrole Eastman Organic Chem.
Possible enzyme inhibitors 
a,a-Bipyridyl
2,4-Dichloro-6-phenylphenoxythylamine (DPEA) 
N-Diethylaminoethyl-2,2-diphenylvalerate (SKF 525A) 
£-Hydr oxymer cur ibenz oate
Metyrapone [2-methyl-l ,2-bis- (3-pyr idyl) propan-1-one] 
All inhibitors used as supplied
Sigma Chemical Co.
Eli Lilly Intern. Corp. 
Smith, Kline & French 
Sigma Chemical Co. 
CIBA
Isotopically labelled compounds:
[g-14cj-Biphenyl 98% pure (s.a. 0.46 mCi/mmol) Pfizer Ltd.
cis [2-^c] -Cinnamic acid 98Vpure (s.a. 19.5 mCi/mmol) I.C.N.
f2-14c]2, 4-Dichlorophenoxyacetic acid 981 pure Radiochemical Centre
(s.a. 28.0 mCi/mmol) Amersham
[1-14C]-Laurie acid 981 pure (21.0m Ci/mmol)
Incubation materials:
Cytochrome c
3,3-Dimethylglutarate 
Glucose oxidase
2-(p- Iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium
chloride (INT)
Malonate 
Orcinol
Sodium $-glycerophosphate
Buffer reagents:
2-Amino-2-hydroxymethyl propane-1,3-diol (tris) Sigma Chemical Co.
Disodium hydrogen orthophosphate/sodium dihydrogen B.D.H.
orthophosphate
Glycerol "
2-Mercaptoethanol Koch-Light Ltd.
Polyvinyl pyrrolidone (P.V.P.) B.D.H.
Potassium chloride "
Reduced glutathione "
Sodium citrate "
Sucrose "
Sigma Chemical Co.
II
II
B.D.H.
II.
II
II
Compounds used in solubilization:
Phospholipase C (Clostridium we 1 chi i , 1 unit per mg
protein)
Phospholipase D (Cabbage, 0.3 units per mg protein) 
Sodium deoxycholate 
Tergitol 'NPX*
Tween 80
Chromatography reagents:
Bromothymol blue
Kieselgel nF2 5 if+3 6 6 nacl1 Stahl
Rhodamirie B
Silica gel
Silicic acid
Electron microscopy reagents:
Araldite epoxy resin
2,4,6-T. ri (dimethyl aminome thy 1) phenol 
Dodecenyl succinic anhydride 
Epikote 812 resin 
Epon Resin
Liquid scintillator:
1.4-bis[2 (4- Methyl-5-phenyloxazolyl)]benzene 
(dimethyl POPOP) 100 mg/1
2.5-Diphenyloxazole (PPO) 4g/l 
Sulphur free Toluene
Koch-Light Ltd. 
Sigma Chemical Co. 
Koch-Light Ltd. 
B.D.H.
Koch-Light Ltd.
Calbiochem Ltd.
Merck Lab. Chemicals
B.D.H.
i»
ii
CIBA
George Gurrs Ltd.
ti
it
Taab Laboratories
Koch-Light Ltd
ii
ii
Other Chemicals:
Caffeic acid 
p-Coumaric acid 
p-D ime thylam inob en z aldehyde
6-Ethoxy-2,2-4-trimethyl-1,2-dihydroquinoline 
Naphthylethylenediamine (N.E.D.)
Koch-Light Ltd.
fl
Calbiochem Ltd. 
Koch-Light Ltd. 
Calbiochem Ltd.
Solvents:
All solvents were of the Analar grade and were obtained from B.D.H.
Gases:
Air, carbon monoxide (CO), nitrogen (N2 ) and oxygen (02) were obtained from 
British Oxygen Co. Ltd and were used as supplied.
B. Equipment
Centrifuges:- M.S.E. ’Mistral 6LJ 
M.S.E. ’High Speed 18’ 
M.S.E. ’Super speed 50’
Scintillation Counters:-
Type of Instrument
Packard Model 3320.
Tri-Carb Spectrometer,
Packard Model 2425
Tri-Carb Spectrometer,
Tracerlab Spectromatic 
(ambient temperature)*
Settings 
Gain 16, Window, 40-1000
Gain 16 ,Window, 40-1000
Course Gain 4,fine gain
1.5,Window 530, 
Threshold 25.
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Spect  m f  1 uovimet e r s : -  Ba i I'd Atomic
Perkin Elmer M.P.P.-3
Spectrophotometers:- Pye Unicam SP500
" " SP600
" " SP800
,f 1 " SP1800
Perkin Elmer 365
C. Source of tissues
i) Animals:
Wistar strain albino rats were housed in plastic cages on 
’Steralit* bedding and kept in rooms reserved for rats only. Spillers 
autoclaved small animals diet and water were provided ad libitum. Rats 
were killed by cervical fracture between 9.30 am. and 10.30 am. to minimise 
effects due to diurnal variations (Radialowski and Bousquet, 1968;
Jori et al., 1971; Burke et al., 1972).
ii) Seedlings
Various seeds including Pisum sativum (pea), Phaseolus vulgaris 
(runner bean), Phaseolus aureus (Mung bean) and Zea mays (sweet com) were 
obtained from Sutton Seeds, Reading. Following an overnight soak in water 
the seeds were allowed to germinate on moist filter paper placed in plastic 
trays. Germination took place at room temperature in the absence of light 
(i.e.aetiolated) for four days.Seedlings showing overt fungal attack or 
decay were removed immediately.
iii) Fruit tissue
Various fruits including apples, oranges and avocado pears (Persea 
americanaV were obtained via the University Shop and were stored at 4 
until use.
Blemished fruits were not used unless specifically stated.
iv) Other tissue used
Seed potatoes (Solanum tuberosum) were obtained directly from a 
local farm and were allowed to sprout by leaving them at room temperature 
in the absence of light.
Insectivorous plants were obtained from Thompson and Morgan Ltd. 
(Ipswich) and Arum spadix material was obtained from the Royal Horticultural 
Society Gardens at Wisley.
D. Preparation of particulate fractions
i) Mammalian tissues
The species, strain, sex, age and weight of the animals used were 
recorded and given in the text where relevant.
The animals were killed by cervical fracture. The livers were 
removed rapidly and placed in ice-cold 1.15 V (W/v) KCl. cut into small 
pieces and weighed by difference. Further KCl solution was added to achieve 
a final concentration of 4ml per g fresh Weight and the tissue homogenized 
using a rotating teflon pestle (2,400 rev./min), clearance 0.2 nun, in a 
well cooled glass homogenizer, size C (Potter and Elvehjem, 1936). The 
homogenate was then centrifuged in 50ml polypropylene centrifuge tubes in an 
M.S.E. ’High-Speed 18' refrigerated centrifuge at 1-4°G at 9,500 rev/min. 
(10,000 g(-av)) an 8x50ml angle head rotor (r&v = 7.4cm; M.S.E. 69181) for 
2Q min. to remove debris, nuclei, mitochondria and lysosomes. The 
supernatant was carefully decanted and the majority recentrifuged at 1°-4°C 
for 60 min. at 40,000 rev/min. (105,000g^av )^ in an 8x25ml angle head rotor 
(r&v = 5.84 cm; M.S.E. 59594) using a M.S.E. ’Superspeed 50’. The 
supernatant was carefully decanted, the pellet rinsed with a few ihl of
ice-cold 1.15% KCL to remove adhering supernatant fraction and then 
resuspended in 1.15% KCl. to achieve a final concentration of 4ml per g 
fresh weight, using a Potter-Elvehj em homogenizer (pestle rotating at 2,400 
rev/min). This constituted the 'microsomal suspension'.
ii) Marker enzyme studies
Subcellular fractions were prepared as follows. The liver t o
' " I.
homogenate (1:4 dilution) was centrifuged for 10 min in an 8x50ml angle 
head rotor (M.S.E. 69181) using a M.S.E. 'High Speed 18' at 2,500 rev/min 
(600g(av-j) for sedimentation of the crude nuclear fraction. The supernatant 
was centrifuged at 7,000 rev/min (4,Q00 g(avj) for 10 min for isolation of 
the mitochondrial fraction. The resulting supernatant was recentrifuged 
at 9,500 rev/min (lOjOOOg^^) for 20 min for isolation of the lysosomal 
fraction. The resulting supernatant was finally centrifuged in a M.S.E. 
'Superspeed 50' in an 8x25ml angle head rotor (M.S.E. 59594) at 40,000 
rev/min (105,000g^av )^ for 60 min to separate the microsomal fraction from 
the cytosol. The resulting nuclear, mitochondrial and lysosomal pellets 
were resuspended separately in exactly 20 ml of 0.25M sucrose using a hand 
homogenizer. The microsomal, pel let was resuspended in 20 ml of 0.25M 
sucrose - 5mM Tris buffer (pH 7.6) using a Potter-Elvehjem homogenizer 
(2,400 rev/min).
iii) Higher plant tissues
a) Seedlings
After a known period of germination the seedlings were harvested and 
the testa were removed. Following this each seedling was divided into 
selected regions including; cotyledon(s), hypo-cotyl and epi-cotyl regions 
(Fig. 12, page 49). After weighing, the selected regions were transferred 
into three volumes of ice-cold O.IM sodium phosphate buffer (pH 7.4) 
containing 2M glycerol and 0.02M 2-mercaptoethanol. (Details of other buffers
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Fig.12 .Morphology of Mono- and Dicotyledonous Plants
m
Starch storing endosperm
Shield shaped scutellum (part of cotyledon)
•Pericarp
Testa
Plumule sheath (cotyledon in part)
Plumule
Radicle
Coleorhiza - radicle sheath (cotyledon in part)
‘place of attachment 
a) Monocotyledonous Zea mays
Plumule
Ruptured testa
Starch storing fleshy cotyledons 
(non-endospermous seed)
Hypocotyl
Cotyledon stalk
•secondary roots
Radicle
b) Dicotyledonous Phaseolus vulgaris
used are given in the text where relevant). Homogenization was carried out in 
either an MSE Waring Blendor (30-60 sec) or by grinding the tissue with a 
pestle and mortar at cP - 4°C. The crude homogenate was squeezed through 
four layers of muslin. Subcellular fractions of the resultant filtrate 
were obtained using the procedure as previously described for rat liver, 
pages 47 to 48) .The resulting 105,000g^av  ^pellets were washed and resuspended 
the homogenizing medium using a Potter-Elvehj em homogenizer fitted with a 
teflon pestle so that 1ml was equivalent to lOg of original tissue.
b) Fruit tissue
Fresh undamaged fruits were always used. The peel (or skin) and 
seeds (Fig. 13 page 51.) were removed before being homogenized at OP - 4°C in 
three volumes of 0.1M sodium phosphate buffer (pH 7.4) for 30 sec using 
either a Waring Blendor or a Kenwood ’Liquidiser' (setting 1). The resulting 
crude homogenate was squeezed through four layers of muslin. The filtrate 
was centrifuged (MSE 'High Speed 18^  in 50ml polypropylene tubes in an 
8 x 50ml angle head rotor (MSE 69181), 0° - 4°C, at 9,500 rev/min (10,000g^av )^ 
for 20 min. The resulting supernatant was carefully decanted and an aliquot 
was centrifuged (MSE ’Superspeed 50’) for 120 min. in an 8 x 50ml angle head 
(MSE 59595) at 30,000 rev/min (78,OOOg^av )^ at 0° - 4°C. The supernatant was 
carefully decanted off and the pellet was washed and resuspended in 0.1M 
sodium phosphate buffer (pH 7.4) using a hand homogenizer so that 1ml was 
equivalent to lOg of original tissue.
E. Detergent solubilization of 105,000g a^^  x 60 min pellets
105,000g^av-j x 60 min pellets were prepared as previously described
on pages 47 to 48. The 105,000g^av  ^x 60 min pellets were resuspended
using a hand homogeniser (8mg of protein/ml) in 0.1M phosphate buffer, pH 7.4,
w * \
containing 2M glycerol and 0.2 to 3.0% ( /w) Tergitol NPX (detergent) per mg
i m m
vt?&Vfc*r
Fig. 13 Two halves of a ripe avocado fruit
of protein. The digestion was carried out at 4°C for 18h with continual 
stirring. The resulting digest was centrifuged at 0° - 4°C for 4h in an 
MSE 'Superspeed 50' using an 8 x 25 angle head rotor (MSE 59594) at 40,000
rev/min (105,000g^av^). The resulting pellet was resuspended using a hand
homogenizer in 0.1M phosphate buffer, pH 7.4 containing 2M glycerol. Both 
fractions were stored at 0°C until use.
F. Cytochrome P-450 studies on mammalian and higher plant tissues
i) Carbon monoxide difference spectrum (Wade et al., 1972)
After mixing, aliquots (2.5ml) of either mitochondrial or microsomal 
suspensions were transferred to two quartz cuvettes (1cm path length) 
constituting a test and a blank. Carbon monoxide was bubbled through the 
test for 30 sec by means of a Pasteur pipette. Both cells were then placed 
in a Pye Unicam SP1800 dual beam spectrophotometer, and using the scale 
expansion (0 to 0.05) the difference spectrum between 350 - 500nm was 
recorded. From this it is possible to determine the carbon 
monoxy-haemoglobin absorption at 420nm. To each cuvette was then added lOmg 
of sodium dithionite, and the reduced CO spectra was recorded over the same 
wavelength range. The two spectra were superimposed one on top of the other. 
The absorption at 450nm is taken to be indicative of the presence of cytochrome 
P-450, and the increase in absorption at 420nm is due to the inactive 
degraded form of P-450 referred to as cytochrome P-420 (Ichikawa and Yamano, 
1967c). Ctnura and Sato (1964b) have determined the molar extinction 
coefficients of the GO-complexes of P-450 and P-420 as being 91 mM 1cnf r and 
110 mM*"1 cm”1 respectively. These extinction values are based on the 
protohaem content of the haemoproteins from rabbit liver microsomes (Omura 
and Sato, 1964a, 1964b), as measured by the absorption difference between 
450nm and 490nm for cytochrome P-450 and 42Qnm and 490nm for cytochrome P-420. 
Cytochrome P-450 and P-420 levels are normally expressed as nmo]/mg of
protein.
ii) Ethyl isocyanide difference spectrum (Nishibayashi et al., 1966)
Ethyl isocyanide was also employed as a ligand for reduced 
cytochrome P-450. The procedure is as described for GO except the gas 
bubbling in the Test cuvette is replaced by 0.1ml of an ethanolic solution 
of ethyl isocyanide (34.3mM). The difference spectrum between reduced test 
and reduced blank was recorded between 390 and 500nm.
iii) Binding studies
Various compounds can bind to oxidized cytochrome P-450 causing 
small but significant changes in the absorption spectra. One class of 
spectra (termed type I) is characterised by the appearance of a trough at 
420nm and an absorption peak at 385 - 390nm (see Fig. lv page 9).
The second class of spectral change (termed type II), often elicited by 
compounds containing nitrogen, is characterized by the
reverse pattern i.e. the appearance of an absorption peak at about 430nm and 
a trough at about 390nm (see Fig. 1, page 9).
These binding spectra were achieved by adding microlitre quantities 
(Hamilton micro-syringe) of various solutions containing a drug, or a 
steroid, or a fatty acid to the experimental cuvette, and adding an equal 
volume of solvent to the reference cell. The protein concentrations of the 
microsomal preparations used were measured and then diluted with 0.1M 
phosphate buffer, pH 7.4 to achieve a concentration of 2mg of protein/ml, 
Each cuvette (test and reference) received 2.5ml of the suspension and the 
spectrum recorded on a 0 to 0.2 absorbance scale, using a ^SPlSOo' 
Increasing the quantity of binding compound increases the magnitude of the 
spectral change until all the binding sites are saturated. A plot of the 
reciprocal of the concentration of added compound, against the reciprocal of 
the change in optical density (from the bottom of the trough to the top of
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the p e a k ) enables the K or binding constant to he obtained from the horizontal 
axis (Fig. 2, page 10) and is equivalent to the concentration of compound required 
for half maximal spectral change (Schenkman et al., 1967b).
iv) Cytochrome b5 estimations (Wade et al,, 1972). .
Tissue fractions were prepared as described on pages 47 to 48. 2.5 ml
i
of the required fraction (8mg of protein/ml) was placed into each of two 
matched cuvettes (1cm light path) and a base line recorded on the SP1800 from 
390nm to 500nm. NADHa (0.1 ml of 0.2 mol in 0.1M; pH 7.4g phosphate buffer) 
was added to the test cuvette; whereas 0.1 ml of buffer alone was added to the 
reference cell. The difference spectrum was then obtained between 390nm and 
500nm. The concentration of was measured from the increment of the molar 
extinction between 424nm (peak) and 409nm in the difference spectrum assuming 
a molar extinction coefficient of 185mM lcm 1 (Omura and Sato, 1964a). The 
haemoprotein was measured in nmol cytochrome b5/mg of protein (Schenkman et 
al., 1967a).
G. Assays of drug metabolism
i) Hydroxylation of Aniline
The method of Nakanishi et al., (1971) formed the basis of this 
assay, the 4-aminophenol formed being measured by a method similar to that of 
Brodie and Axelrod (1948).
NH
Aniline
Microsomal Fraction 
NADPH2 + 02
£>-Amino phenol
Incubations were set up as follows
Test Blank Standard 
(Volume in ml)
tissue fraction (5mg of protein) 0.4 0.4 0.4
0.1M phosphate buffer, pH 7.4 0.7 0.7 0.6
MgCl2 (25ymol) 0.1 0.1 0.1
Cofactor solution ** 0.2 0.2 0.2
glucose-6-phosphate dehydrogenase (1 unit) 0.3. 0.1 0 . 1
aniline hydrochloride (5ymol) 0.5 0.5* 0.5*
p-aminophenol in 0.1NHCI (SOnmol) -  ■ - 0.1*
Total Volume2.0 2.0 2.0
* Added after incubation was stopped
** Cofactor solution contains: lymol of NADP* lOymol G-6-P and 15ymol of 
nicotinamide in 0.2ml 0.1M phosphate buffer, pH 7.4.
The incubation was carried out in a shaking water bath at 37°C for 
20 min. The reaction was stopped by saturating the reaction mixture with 
NaCl. This was extracted with 10ml diethyl ether containing 1.5% (V/v) 
isoamyl alcohol for 30 min on a rotary shaker. A 7 ml aliquot of the 
ether extract was shaken for 30 min with 4 ml of 1% phenol in O.5M K 3PO4 , 
followed by a 60 min stand, before the ether layer was removed, and the 
absorbance of the aqueous phase was measured at 630nm using a Pye Unicam 
SP500 spectrophotometer.
ii) Hydroxylation of Benzo[a] pyrene
The carcinogenic polycyclic hydrocarbon, benzofajpyrene undergoes 
hydroxylation in the liver of various species including man (Conney et al., 
1957; Kuntzman et al., 1966; Alvares et al., 1968). The major end product 
from the in vitro incubation is generally 3-hydroxybenzo[a]pyrene.
hydroxylation epoxidation
Benzo [ajpyrene
hydroxylation
6 -Hydroxybenz opyrene 4,5-Dihydro-4,5- 
dihydroxybenzopyrene
oxyb en zopyrene
hydroxylation
, 6 - D ihy droxyb en z opy rene 1,6-Dihydroxybenzopyrene
The products of the hydroxylation of benzo[a]pyrene are very fluorescent 
and thereby small amounts of product and reaction rates can be determined. 
Also small amounts of tissue can be used. The activation and fluorescence 
spectra of the various hydroxylated products in NaOH are not distinguishable. 
Thus the hydroxylation is normally expressed as ng equivalents of 
3-hydroxybenzo[ajpyrene foimed, even though the fluorescence measured 
represents a mixture of hydroxylated metabolites.
Benzo[ajpyrene hydroxylase activity was measured according to the 
methods of Welch et al., (1969) and Juchau (1971).
The reaction mixture consists of:
tissue fraction (2mg of protein) 0.50 ml
glucose-6-phosphate (15 ymol) 0.20ml
KADI>+ (2tiraol) . ' 0.10 ml
NAD+ (2pmol) 0.10 ml
glucose-6-phosphate dehydrogenase (1.5 units) 0.15 ml
nicotinamide (lOymol) 0.10 ml
MgCl2 (30 ymol) 0.20 ml
3,4-benzo [a] pyrene (50jdg in methanol) 0.10 ml
0.1M phosphate buffer, pH 7.4 1.55 ml
Total Volume 3.00 ml
The reaction mixture was incubated for 15 min at 37°C in a shaking water 
bath then the reaction stopped by the addition of acetone (3ml), hexane (9ml) 
was then added and the mixture was extracted for 30 min on a rotary mixer. A 
2ml aliquot of the organic solvent containing 3,4-benzo[ajpyrene and its 
hydroxylated metabolites was shaken withMNaOH (5.0 ml) for 1 min to extract 
the hydroxylated metabolites. The fluorescence of the alkaline solution was 
measured with the aid of either the Baird Atomic or the Perkin Elmer MPF-3 
spectrofluorometer (exc.A382; fluor A 51Gnm) exactly 10 min after adding
M NaOH (5 ml) to the organic aliquot.
The assay procedure was carried out without delay (fluorescence of 
the metabolites in alkaline solutions decreases with time) and in dim 
light (e.g. black coated test tubes) as there is evidence that light 
accelerates the decomposition of hydroxylated metabolites. The 
formation of 3-hydroxylbenzo[a]pyrene was expressed as ng equivalents 
or units of fluorescence, where one unit of extracted hydroxylated 
benzo [ajpyrene in M NaOH equalled 100 mg/ml quinine sulphate (Fig. 14) 
0.1M I^SOij. (Kuntzman et al , 1966). 3-Hydroxybenzo[a]pyrene was not 
available as a standard.
Fig. 14 Quinine Sulphate Standard Curve
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iii) Hydroxylation of Biphenyl
Biphenyl is hydroxylated either to the ortho- or para-derivative.
o rtho-Hydroxyb ipheny1
Biphenyl
para-Hydroxybiphenyl
a) Fluorimetric determination
Ortho- and para-hydroxylated biphenyl are highly fluorescent and may 
be determined in the presence of each other because the ortho-hydroxybipheny1 
shows excited state ionization, whereas the para isomer does not. Hie 
in vitro hydroxylation of biphenyl was measured according to the method of 
Creaven et al»,(1965b). The reaction mixtures consisted of the following: -
tissue fraction (2mg.-. of protein)
Test Control Standard 
Volumes in ml 
0.5 0.5 0.5
NADP+(1.25 unol) o*1 0.1 0.1
glucose-6-phosphate (15 ymol) 0.2 0.2 0.2
glucose-6-phosphate dehydrogenase (2 units) 0.2 0.2 0.2
MgSOi* (20 ymol) 0.2 0.2 0.2
nicotinamide (10 ymol) 0.1 O.i 0.1
0.1M phosphate buffer, pH 7.6 1.2 1.2 0.8
biphenyl in 1.15.% KCl containing#4$ (W/v) Tween 80 (6ymol) 0.5 0.5* 0.5*
2- or 4-hydroxybipheny1 standards ** ■ -■ - 0.4*
Total Volume 3.0 3.0 3.0
* indicates added after the incubation
** 2- and 4-hydroxybipheny1 standards were made up in distilled H2 O containing 
51 ( /v) ethanol (12 mg/ml and 60 mg/ml resp.)
The reaction was started by the addition of 0.5 ml of the appropriate 
tissue fraction. The samples were incubated at 37°Cfor exactly 20 min. in a 
shaking water bath. The hydroxylation was stopped partially by cooling the 
tubes in ice and then completely by addition of 2N HC1 (0.5 ml) to each 
incubation mixture. The tubes were then shaken mechanically with n-heptane 
(7 ml) containing ll^/vVsoamyl alcohol for 30 min. and centrifuged at
2,000 r.p.m. in an M.S.E. 'Mistral 6L' centrifuge at 0°Cto 4°Cfor 10 min. An 
aliquot (2 ml) of the n-heptane layer was then extracted in a similar manner 
by mechanical shaking in tubes with 0.IN NaOH (10 ml, prepared in glass 
distilled water). The tubes were centrifuged at 2,000 r.p.m. in an M.S.E. 
'Mistral 6L' centrifuge at 0°Cto 4°Cfor 20 min. The upper layer (n-heptane) 
and the fluffy suspension at the heptane-NaOH interface were removed using a 
Pasteur pipette connected to a water pump. To 2.0 ml of the 0.1N NaOH layer
was added 0.5 ml of 0.5N succinic acid shifting the pH to 5.5, and the 
fluorimetric intensity was determined at 338 nm and 415 nm with excitation at 
275 nm and 295 nm respectively, using either the Baird Atomic or the Perkin 
Elmer MPF-3 spectrofluorimeter. All tubes were prepared in duplicate.
b) Thin layer chromatography method
The metabolites of biphenyl were also studied by thin layer 
chromatography. A set of four separate flasks for both the test and control 
preparations were set up containing identical quantities to those given on 
page 59 for the fluorimetric assay. The incubation was for exactly 30 min. at 
37(fcand was carried out in a shaking water bath. After 30 min. the reaction 
was stopped with 2N HC1 (0.5 ml), and substrate was added to the control 
preparations. Each preparation was then saturated with solid anhydrous 
ammonium Sulphate and extracted with three times the total volume of diethyl 
ether. The organic layer was removed and dried over anhydrous sodium sulphate, 
then decanted off and concentrated to a small volume (30°C and N2 flow). The
final concentrate was spotted onto a t.1.c. plate.
Usually five plates were prepared at a time, these were of 0.25 mm 
thickness using Kieselgel HF2 5 4  + 3 6 6 Merck nach Stahl. Ascending 
chromatography was employed and the following solvent systems were used: 
benzene; chloroform (19:1 v/v), benzene: ethanol (95:5 v/v), 
n-hexane: methanol (49:1 v/v) and acetone: chloroform (1:1 v/v). The compounds 
were detected either by their fluorescence under u.v. (265 nm) or spraying 
with Gibb's reagent (0.11 (W/v) 2,6-dichlorobenzoquinone-4-chloiamine in 
ethanol).
c) Method using [G-ltfC] -Biphenyl
To determine whether or not conjugation occurred to produce more 
polar phase II metabolites during the incubation^ [G-1 4 C] was substituted for 
'cold' biphenyl. Incubation mixtures were identical to those previously 
given on page 59. The first incubation was carried out as previously described, 
after 30 min the snail digestive juice (0.3 ml) which contains many hydrolytic 
enzymes (including mannanases and glucanases) was added and a further 2 0  min 
incubation was carried out at 37^in a shaking water bath. The reactions were 
stopped by 0.5 ml 2NHC1 and the metabolites were extracted by the method 
described on page 60* ■ The prepared thin layer plates were run in a 
benzene/ethanol (19:1) solvent system, and the metabolites were located by 
their fluorescence when examined under ultraviolet light (265 nm) and by 
scanning the plates with a Berthold ’LB2723' scanner. The radioactive areas 
were scraped off and eluted with ethanol. Identical controls were set up to 
study the reaction both before and after the addition of snail juice.
Liquid scintillation counting
Aliquots (0.1 ml) of eluted metabolites in ethanol were transferred to 
scintillation vials and 1 0  ml toluene scintillant added, giving a counting
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efficiency for 14C of approximately 60% (gain x 16, window 40-1000 in 
the Packard Model 3320 Tri-Carb spectrometer) see Fig. 15.
Fig. 15 Optimal Gain Setting for llfC Counting
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Packard Model 3320 Tri-Carb Spectrometer (window 40-1000)
iv) N-Demethy lat ion of p-Qiloro-N-methylaniline
The N-demethylation of £-chloro-N-methylaniline produces 
p-chloroaniline, though small amounts of £-aminophenol and p-hydroxy-N- 
methylaniline are also formed.
n-h
+ HCHO
£ -Chloroaniline + Formaldehydep-Chloro-N-methylaniline
p-Aminophenol 
p-Hydroxy-N-methylani line
Minor Metabolites
The p-chloroaniline formed is treated with Ehrlich’s Reagent 
(p-dimethylaminobenzaldehyde in II2 SO1J to produce a characteristic yellow 
colour. The extinction of this Schiffs base is measured at 445 nm.
Method
The Kupfer and Bruggerman (1966) reaction mixture consists of:-
tissue fraction (2 mg of Protein) 0.5 ml
NADP+ (1.6 ymol) 0.3 ml
nicotinamide (20 ymol) 0.3 ml
MgCl2 (30 ymol) 0.4 ml
glucose-6-phosphate (16 ymol) 0.4 ml
glucose-6-phosphate dehydrogenase (1.0 unit) 0.1ml
£-chloro-N-methylaniline (3 ymol) 0.1 ml
0.1M phosphate buffer, pH 7.4 Q.8 ml
Total Volume 3.0 ml
Cofactors were prepared in 0.1M phosphate buffer, pH 7.4. The 
substrate was dissolved in water as the hydrochloride. The incubation time 
was varied between 15 min and 30 min at 37^Dvith shaking. Following this, 
the incubation tubes were cooled in ice and water and the Ehrlich reagent 
(3 ml of a solution of 21 (W/v) of £-dimethylaminobenzaldehyde in M H2S04) 
was added to develop the colour and precipitate the protein. The samples 
were then centrifuged at 2,500 rev/min at 0°-4|)C for 20 min in a M.S.E. 
’Mistral 6L' centrifuge. The extinction of the yellow supernatant was 
measured at 445 nm.
In the control the substrate was added after the Ehrlich's reagent. A 
range of £-chloroaniline standards (5-20 nmol of the hydrochloride in 
aqueous solution) were also added to the reaction mixture, the substrate 
again being added after the Ehrlich’s reagent (Standard curve: Fig. 16).
Various attempts at improving this assay procedure for use with plant 
tissue are described in Chapter 4.
Fig. 16 p-Chloroaniline Standard Curve
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V) O-Demethylation of p-nitroanisole
£-Nitroanisole is O-demethylated to release formaldehyde and 
p-nitrophenol, both of which are easy to detect in vitro.
microsomal
enzyme
NADPR
h 2oh
-N'itroanisole
n o2
Unstable Intermediate
NO
+ HGHO
£-Nitrophenol
The Netter and Seidel (1964) procedure was basically followed. This 
involves determining the amount of p-nitrophenol released into an alkaline 
medium by measuring the production of yellow colouration (peak absorbance 
420 nm). Test and blank are conveniently compared by using a dual beam 
spectrophotometer and this assay is ideally suited for kinetic studies. An 
•alternative method is to determine the amount of formaldehyde released using the 
Nash (1953) procedure.
Method The reaction mixture consists of the following:-
tissue fraction (2 mg of protein)
NADP+(300 iig/ml; H20) 
glucose-6-phosphate (5. mg/ml) 
glucose-6-phosphate dehydrogenase (1.0 unit) 
£-nitroanisole (60 yg) 
semicarbazide (20 mg/ml; H20) 
nicotinamide (16 mg/ml)
0.1M phosphate buffer, pH 7.8
0.4 ml 
0.2 ml 
0.3 ml 
0.3 ml 
0.3 ml 
0.2 ml 
0.3 ml 
1.0 ml
Total Volume 3.0 ml
The jo-nitroanisole was dissolved in 0.1M phosphate buffer (pH 7.8) with 
warming immediately prior to use. Hie nicotinamide, glucose-6-phosphate and 
glucose-6-phosphate dehydrogenase were also taken up in this buffer,
whereas the NADP and semicarbazide (pH adjusted to 7.8) were dissolved in 
water.
When employing the Netter procedure, the incubation mixture was placed 
in a cuvette within the heated (37° C) cell compartment of either a Pye 
Unicam SP1800 or SP800 recording spectrophotometer. On attaining the 
temperature of 37°C the reaction was initiated by the addition of 
glucose-6-phosphate dehydrogenase in buffer to the experimental cuvette and 
buffer alone to the control. After rapid mixing the O-demethylation was 
monitored by measuring the increase in absorption at 420 nm due to 
production of £-nitrophenol. A standard curve is shown in Fig. 17 (page 67).
Formaldehyde release method (Nash, 1953)
The release of formaldehyde can be followed using the same reaction 
mixture incubated for 60 min at 37° C and then stopped by the addition of 
0.5 ml 20! (w/v) trichloroacetic acid. After centrifugation 1.5 ml of the 
supernatant is mixed with an equal volume of Nash’s reagents4 ml of freshly 
mixed acetylacetone per litre of 4M ammonium acetate in 0.1M acetic acid.
The yellow chromogen (e = 8 mM 1 cm 1 at 412 nm) 3:5-diacetyl-l:4- 
dihydrolutidine reaches a maximum after 40 min at 37°C. Extinction 
measurements are made immediately after this incubation. A standard curve is 
shown in Fig.18 (page 67).
micarbazones)
+ CH3COCH2GOCH3
Acetate
Ammonium H
3,4-diacetyl-l,4-dihydrolutidine
Fig. 17
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vi) NADPH?-cytochrome c reductase:
Cytochrome c shows a mitochondrial localisation within the cell, and 
has been found to be involved in the electron transport chain in animals, 
plants, yeasts and moulds. It is synthesised in the endoplasmic reticulum 
and then transported into the developing mitochondrion (Kadenbach, 1967) .
NADPH2-cytochrome c reductase (NADPH-cytochrome c oxidoreductase, E.C. 1.6.2.3) 
was first observed by Horecker (1950) and centrifugation studies indicated a 
microsomal location (Phillips and Langdon, 1962). FAD+was found to be the 
prosthetic group (Williams and Kamin, 1962) and was shown to be present in 
the amount of two mols per mol of enzyme (Masters et al., 1967). Gillette 
(1966) suggested that NADPH2-cytochrome c reductase was a component of the 
mixed function oxidase system. The enzyme system may be involved in one or two 
electron transfer reactions(Hayashi, 1969; Scherikman and Cinti, 1970).
Hie enzyme activity was measured using a modified version of Williams 
and Kamin (1962) original method; Use was made of the difference in 
absorption between oxidized and reduced cytochrome c at 550 nm (fortunately 
cytochrome c appears to have the correct redox potential). The incubation 
mixtures are maintained at room temperature or 37 °G in a recording 
spectrophotometer at 550nm for 2 min. after addition of NADPH2 •
Reaction mixture (s) Test
cuvette
Reference
cuvette
0.1M sodium phosphate buffer, pH 7.6 
containing 10 mM KCN
cytochrome c (0.1 ymol in buffer)
tissue fraction (2 or 5 mg protein)
NADPH2 (3 ymol in buffer)
O.M phosphate buffer, pH 7.6
0.1 ml
0.5 ml
1.0 ml
1.0 ml
0.1 ml
0.5 ml
1.0 ml
1. 0 ml
Total Volum£ 2.6 ml 2.6 ml
The initial velocity was taken as a measure of cytochrome c reduction
_i ■ _i 
(e = 6.37 mM cm ).
vii) NADPH?-cytochrome P-450 reductase
The rate limiting step in. hepatic microsomal drug metabolism 
may be the rate of NADPH2-linked reduction of the substrate complex 
(Gigon et al., 1969; Kupfer and Orrenius, 1970; Fouts and Pohl, 1971;
Autor et al., 1973).
The microsomal P-450 reductase activity was determined by 
modifications of the method of Gigon et al., (1969). The Perkin-Elmer 
365, dual beam spectrophotometer was used with a single cuvette, the 
sample and reference beams being set up at 450. nm and 490 nm respectively.
2.0 ml of microsomal suspension (5 mg of protein/ml)was placed in a 
stoppered cuvette. To this suspension was added 2 drops of concentrated 
glucose oxidase solution along with a few grains of glucose. The cuvette 
was stoppered and shaken. A period of 2 min was allowed for anaerobiosis, 
then CO was bubbled through the cell contents for 30 sec, the stopper 
replaced and basal level recorded (450 nm minus 490 nm). The reaction 
was initiated by the addition of 10 yl NADPU2 solution (5ymol) through the 
stopper from a microlitre syringe. After shaking the cuvette was returned 
to the spectrophotometer and the reaction was followed by monitoring for 
3 min the appearance at 450 nm of the absorption due to the reduced 
P-450-C0 complex. The absorption due to the total reduced cytochrome 
P-450-C0 complex was measured by then adding a few mg of sodium dithionite 
to the reaction mixture. The initial velocity was taken as a measure of 
cytochrome P-450 reduction and the levels of activity were usually 
expressed in terms of nmol cytochrome P-450 (as the CO-complex) reduced/mg 
of protein/hr, using an extinction coefficient of 91 nM 1 cm 1.
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viii) Protein measurement
Protein was measured by the method of Lowry et £l., (1951).
An aliquot (0.5 ml) of tissue (diluted to contain less than 
300 yg protein) was mixed with 0.5 ml of 0.5 M NaOH. Freshly prepared II 
copper solution (0.5 mill CuSO^-SLkO and 0.5 ml 21 potassium tartrate were 
mixed and made up to 50 ml with 21 Na2 C0 3  solution) was added (5ml) and 
the mixture was thoroughly mixed and left to stand for 10 min. Folin- 
Ciocalteu phenol reagent (diluted l:2)was finally added and the contents 
of each tube were mixed immediately. The resulting blue colour was left 
to develop for 30 min then read at 720 nm in a Pye-Unicam SP600 automatic 
spectrophotometer. Suitable blank and standards (0-500 yg of bovine serum 
albumin),were carried through the same procedure (Fig. 19).
Fig. 19 ;
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ix) Enzyme Induction
The effects of a number of inducing agents on mammalian and 
higher plant enzyme systems were studied. The animals were pretreated 
daily with an intraperitoneal injection between 9.30 - 10.30 am of either 
50 mg/kg of sodium phenobarbital (in saline) or 20 mg/kg of 20- 
methyl cho1anthrene (in ethyl oleate) for three days, and the last dose 
being given at least 24 hours before the experiment. Animals used in 
safrole and isosafrole experiments were fed on a commercial diet (Spillers 
Small Animal) containing 0.25% of either safrole or isosafrole in ground 
nut oil. The control animals were given saline, ethyloleate and ground 
nut oil respectively.
CH CH
CHCH
H -N
H
-Me thy 1 cho 1 anth rene Phenobarbital Iso-Safrole
Induction experiments were also attempted using both seedlings and 
fruits. The seedlings were pretreated for three days by dropping 
(pasteur pipette) either 0.5 mg sodium phenobarbital (in dist. H20),
0.5 yg 2,4-dichlorophenoxyacetic acid (in dist. H20) or 0.5 yg naphthylacetic 
acid (in dist. H20) on the apical bud region of each seedling. Equal volumes 
of solvent were given to an equal number of control seedlings. Avocado 
fruits were pretreated by dividing each fruit in half and removing the seed 
then replacing the space left by the seed with a solution (0.5 ml) 
containing the proposed inducing agent (150 mg/kg). The fruit was taped
back together, placed in a plastic beaker and left for three days at 
room temperature. A series of controls were set up, one uncut fruit, 
one cut and taped, with solvent in the well. Labelled compounds 
([3H]-H20; [1I+C]-toluene) showed that after 3 days 60% of the activity 
remained in the bottom half of the fruit arid 30%, in the top half. Some 
other methods of pretreatment were tried without success, reference to 
these methods will be given in the text when relevant.
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This involves incubation^[ 1- 1 4 C] lauric acid with the required 
subcellular preparation, and then separating unchanged substrate from more 
polar metabolites by silicic acid chromatography.
The procedure of Lu, Junk and Coon (1969 a)formed the basis of the assay 
involving the following reaction mixture:- .
tissue fraction (5 mg of protein)
NADl^C 2 nmol)
glucose-6 -phosphate ( 1 0  ymol)
glucose-6 -phosphate dehydrogenase ( 2 units)
[l-llfC]-lauric acid (0.4 ymol, i.e. 125,000 d.p.m.)
in benzene solution dried under N2
0.3 ml 
0 . 2  ml 
0 . 2  ml 
0 . 2  ml 
0 . 1  ml
Total Volume 1 . 0  ml
Cofactors for the NADPH2 generating system were dissolved in 0 .1M 
sodium phosphate buffer, pH 7.7. The 30 min. incubation was carried out in 
air at 37()Gand was terminated by the addition of 0.4 ml of 10% (v/v) H2 SO4 . 
Lauric acid and its metabolites were extracted with 5 ml benzene:ether 
(9:1 v/v).
Lauric acid was separated from its more polar metabolites by 
chromatography Of the benzene/ether (9:1) extract on a silicic acid column 
(4.0 cm x 0.5 cm) packed in benzene, and eluting with further benzene/ 
ether (9:1) to remove the lauric acid (Lu, Junk and Coon, 1969 a). The 
metabolites eluted with benzene/ether (1 : 1  by volume), could be further 
separated by chromatography on a citrate buffered silicic acid column. A 
unifoim grade of silicic acid, obtained by wet floatation according to 
the method of Buien et al./1952), was packed into columns as reported by 
Kusuno-Se et aLj(1964).
Separation of the metabolites was also attempted with reverse phase 
partition chromatography using an 0.03 inch thick layer of silica gel G 
(T.L.C. plates) impregnated with 5% (V/v) liquid paraffin in 60-80°C 
petroleum ether. The plates were developed in acetic acid: acetonitrile 
(l:lV/v), the solvent front being allowed to travel approximately 15cm 
from the origin. Radioactivity was located by dividing the plate into 1cm 
strips and scraping these into 1 0  ml toluene based scintillator and 
counting (window 40-1000, gain x 16). Detection of metabolites after 
separation by T.L.C. was also attempted with U.V. light (exc Amax = 254 
and 366 nm)5bromothymol blue spray (40 mg/100 ml 0.1M NaOH), ethanolic 
molybdophosphoric acid spray (5% W/v)> and ethanolic Rhodainine B spray 
(0.05% w/v). A single band only (R^  = 0.79) was found in these studies.
I. Hydroxylation of cinnamic acid
The cinnamic 4-hydroxylase of Pisum sativum (pea) seedlings is a 
microsomal mixed function oxidase which requires molecular 02, NADPH2  
and 2-mercaptoethanol for activity as well as being inhibited by CO 
(Russell, 1971). These results indicate a cytochrome P-450 mediated 
reaction (Potts and Coon, 1972; BUche and Sanderman Jr., 1973) which may 
control the biosynthesis of many phenolic compounds (Fig. 10, page 33).
Method (Russell, 1971):—
The reaction mixture consists of:-
cis-[2-11+C]cinnamic acid (74 nmol, 2 . 8  x 1 0 5 dpm) 0.1ml
cinnamic acid ( 2 ymol)
NADP+ (2 ymol) 0.2 ml
glucose-6 -phosphate ( 1 0 ymol) 0 . 1  ml
glucose-6 -phosphate dehydrogenase (1 . 0  unit) 0 . 1  ml
2-mercaptoethanol (3 ymol) 0.2 ml
tissue fraction (5 mg protein) 0.5ml
0.1M phosphate buffer, pH 7.4 0.8 ml
Total Volume 2.0 ml
Cofactors for the NADPH2 generating system were dissolved in 0.1M 
sodium phosphate buffer, pH 7.4. The reaction was started by the addition of 
cinnamic acid. The incubations were carried out with shaking at 30°Cfor 
30 min, the reaction was stopped by the addition of 0.2 ml of 6M HC1. The 
protein was centrifuged down using an MSE bench centrifuge, washed once,
and supernatant and wash solutions combined, acidified with 6M HC1 to pH 1.0.
After extracting three times with equal volumes of ethyl acetate the 
organic phase was separated and evaporated to dryness and the residue 
dissolved in 0.2 ml ethanol. An 0.1 ml aliquot was spotted onto a 4 x 56 cm
strip of Whatman 1 filter paper and dried. The chromatogram was developed 
using benzene:acetic acid:water, 2 :2 : 1  (v/v/v) as the solvent system.
After drying, radioactivity was located by use of a Berthold ’LB2723'scanner 
and the radioactive peaks cut out and counted in toluene scintillator. A 
background strip was also counted (R^  values .agreed with literature 
values, Luckner, 1972). The results are expressed as nmol of 
hydroxycinnamic acid formed per mg of protein or per g of fresh weight of 
tissue.
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J. Characterisation of Subcellular Fractions
i) Marker Enzymes
The homogeneity of various subcellular fractions were examined by 
means of marker enzymes.
a) Mitochondrial marker - Succinate dehydrogenase (Pennington, 1961) 
0.3 ml of 0.2M phosphate buffer, pH 7.4, containing:
1.25 mg of 2- (p-iodophenyl) -3-(p-nitrophenyl)-5-phenyltetrazolium 
chloride (INT) per ml^OS.25 ml or 0.5 ml of subcellular fraction. 
0.2 ml of 0.3M succinate adjusted to pH 7.4
Following a 30 min incubation at 37°C^the reaction was stopped by 
adding ice-cold 6 % (W/v) trichloroacetic (1.5 ml). The reduced INT was 
extracted with ethyl acetate (4 ml) and the mixture centrifuged to produce 
two immiscible layers. An aliquot (1 ml) of the organic layer was further 
diluted with ethyl acetate ( 6 ml), and the extinction measured at 490 nm. 
Standards of INT reduced with ascorbic acid were carried through the 
procedure (Fig. 20).
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b) Lysosomal marker - Acid phosphatase (Gianetto and De Duve, 1959)
tissue fraction (0.2 ml undil. fraction + 0.3 ml 0.75M sucrose) 0.5 ml
0.2M 3,3-dimethylglutarate, pH 5.0 0.3 ml
0.5M Na - $ - glycerophosphate, pH 5.0 0.2 ml
Total Volume 1.0 ml
The tissue suspensions were frozen and thawed (cellosolve/solid CO2 )
at least five times. Following a 30 min incubation at 37°Q,the reaction
was stopped with 1.5 ml of 6% (W/v) trichloroacetic acid and then
centrifuged. To the resulting supernatant was added 1.5 ml of 5% (w/v)
perchloric acid containing 0.61 (W/v) ammonium molybdate, followed by 0.5
of freshly prepared 0,2% (W/v) ascorbic acid solution. After 30 min the
extinction was measured at 720 nm. Enzyme activity was expressed in
ymol phosphate released/mg of protein/hr. The phosphate standard curve is 
shown in Figure 21.
c) Possible microsomal marker - Glucose-6 -phosphatase (De Duve et al., 
1955).
tissue fraction 0.5 ml
0.2M 3,3-dimethylglutarate, pH 6 0.3 ml
0.01M EDTA disodium 0.1 ml
0.05M glucose-6 -phosphate disodium 0.1 ml
Total Volume 1.0 ml
Procedure was as described for acid phosphatase (see above).
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d) Cytosol nulrker - Glucose-6 -phosphate dehydrogenase (Glock and 
McLean, 1953).
The reaction mixture consisted of:
tissue fraction (2mg of protein) 
glycylglycine buffer, pH 7.6 (1.25 ymol)
MgCla (50 ymol) 
glucose-6 -phosphate (5 ymol)
NADP4* (1 mg) in KC1 
KC1 (1.151)
Total Volume
Test Control
0.4 ml 0.4 ml
0.5 ml 0.5 ml
0.5 ml 0.5 ml
0 . 1  ml 0 . 1  ml
1 . 0  ml 
- . , 1 . 0  ml
2.5 ml 1.0 ml
After zeroing the reaction was started by the addition of substrate 
to both cuvettes. The reaction was followed at 340 nm (SP 1800). Initial 
velocity determination was carried out at room temperature.
ii) Electron microscopy
Electron microscopy was used to examine the 105,000g . x 60 min
pellets obtained from higher plants and to compare them with a fraction 
similarly prepared from rat liver.
Method
The subcellular fractions were prepared as described on pages 46 to 47, 
The hepatic and higher plant pellets were fixed initially with 3% (W/v) 
glutaraldehyde in 0.4M sucrose-sodium cacodylate buffer, pH 7.6 for 2 hr at 
room temperature with occasional shaking. The hardened fractions were
3
chopped into very small blocks (0.5 to 1mm ) with a clean unused scalpel 
blade. A second fixation step involved treatment for 2 hr with 2% (W/v) 
osmic acid in 0.4M sucrose-sodium cacodylate buffer, pH 7.6. The blocks 
were washed three times in 0.4M sucrose-cacodylate buffer, pH 7.6. After 
washingjthe blocks were dehydrated by immersion (twice at each 
concentration for 20 min) in 25$, 50%, 75% and 90% ethanol respectively.
The blocks were then immersed in absolute alcohol for 30 min; this was 
repeated and then the blocks were washed with AR acetone for 10 min. The 
blocks were then placed in propylene oxide ( 2 0  min), then propylene oxide 
and resin (1 :1 ) overnight at room temperature in a stoppered container.
The resin consists of Epikote 812 Resin: Araldite epoxy resin:
Dodecenyl succinic anhydride (D.D.S.A.); 3:3:8 and 2% (v/v) 2,4,6-tri 
(dimethylaminomethyl)phenol, (DMP-30) . The following day the
concentration of resin to propylene oxide was gradually increased until the 
blocks were immersed completely in resin. The blocks were removed, blotted
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and immersed in resin only in gelatin capsules and left to harden at 60°C 
for 48 hr.
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A. Introduction
Cytochrome P-450 has been found throughout the phylogenetic schema.
In mammals it is found in abundance in the hepatic microsomal fraction, and 
in this fraction as well as the mitochondria in adrenal cortex 
(Cooper 'et'al., 1973; Bryan et al., 1974). Lesser amounts are found in 
testicular tissue (Machino et elL., 1969; Menard and Purvis, 1973), kidney 
(Grundin et al., 1973; Jakobsson et al., 1973), intestinal mucosa and lung. 
The cytochrome has also been reported in mitochondria from the corpus 
luteum (Yohro and Horie, 1967) and the placenta (Mercjs and Ryan, 1968; 
Pelkonen and Karki, 1971; Bergheim et al., 1973).
Soluble founs of cytochrome P-450 have been found in several 
microbial sources such as camphor grown Pseudomonas putida 
(Katagiri et al., 1968; Dus et al., 1970; Yu and Gunsalus, 1974a) and 
bacteroids of Rhizobium japonicum (Appleby, 1967; Daniel and Appleby, 1972). 
Solubilized forms of cytochrome P-450 have also been produced from 
hepatic tissues obtained from rat (Luet al., 1969; Schenkman et al., 1973; 
Sato^et al., 1973) and chick embryos (Mitani et al., 1971a, 1971b).
Symms and Juchau (1973) have solubilized and partially purified cytochrome 
P-450 from a human placental microsomal fraction. Solubilisation of 
cytochrome P-450 has involved extraction with the non-ionic detergent 
’Triton N-1011 followed by fractionation of the supernatant on a 
DEAE-cellulose column (Schenkman et al., 1973). Other surface active 
reagents such as sodium deoxycholate and 'Tween 80' have also been used.
A major problem of current solubilization procedures is a considerable 
degradation of cytochrome P-450 to its inactive form, cytochrome P-420 
(Schenkman et al., 1973).
Although cytochrome P-450 resists solubilisation in an active form from 
associated microsomal membrane, it is amenable to preparation as a 
particle, virtually free of both its degradation product cytochrome P-420, 
and cytochrome bs. The latter may be selectively solubilised by treatment 
with trypsin, microbial protease, lipase or non-ionic detergent, while 
preventing denaturation of cytochrome P-450 by the presence of glycerol 
(Nishibayashi and Sato, 1968; Jefcoate et al., 1969; Levin and Kuntzman, 
1969; Ichikawa and Yamano, 1970; Lu et al., 1973). Unlike hepatic 
microsomal cytochrome P-450, adrenocortical mitochondrial cytochrome P-450 
particles which are free from cytochrome b5 may be prepared with cholate 
(Mitani and Horie, 1969) or iso-octane (Jefcoate et al., 1970). More recent 
methods of purification involve freeze-drying, extraction of lipids by 
cold acetone and butanol, followed by a stepwise extraction of P-450 with 
'Triton N-101' containing a source of sulphydryl groups. After 
concentration the fractions are subjected to chromatography on DEAE- 
cellulose (Cooper et al ., 1973; Shikita et al. , 1973). These 
semi-purified particles provide a key to the greater understanding of the 
absolute spectral properties of cytochrome P-450. They are, however, 
metabolically inactive, and can only be restored to full activity by the 
addition of appropriate components including, NADPH2-cytochrome c reductase 
(Ichikawa and Yamano, 1970) and phospholipid (Lu et aL, 1969, 1972).
Cytochrome P-450 is intimately associated with the endoplasmic 
reticulum membrane and depends on this association for structural and 
functional integrity (Mason et al., 1965; Orrenius et al., 1965;
Siekevitz, 1965; Imai and Sato, 1967a). The cytochrome P-450 apoprotein 
has not been fully identified but available evidence indicates that it will 
be a phospholipoprotein. Studies include inactivation and modication by 
lipid solvents and phospholipases (Leibman and Estabrook, 1971) and 
phospholipid stabilisation of acetone extracted microsomes (Williamson and
O'Donnell, 1969). The smooth endoplasmic-reticulum'being a membrane 
system notably rich in phospholipid (Glaumann, 1970). The 
phosphatidylcholines are a class of especial importance in mammalian 
tissues (Chaplin and Mannering, 1970; Strobe1 et al., 1970; Eling and 
DiAugustine, 1971).
Dialkylureas rapidly denature cytochrome P-450 to cytochrome P-420 and
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this indicates that stability of the cytochrome is dependent on hydrophobic 
interactions (Ichikawa and.Yamano, 1967c; Ichikawa et al, 1969).
Similarly, disruption of the sulphydryl or hydrophobic bonds in the 
cytochrome P-450 complex, leads to denaturation and decreased 
integrity of the hydrophobic haem environment (Reichman et al., 1972) . 
Lipoproteins can be protected by glycols (Keltz and Lovelock, 1955), a 
factor which is made use of in the stabilisation of cytochrome P-450.
This stabilisation may be a result of the rearrangement of hydrophobic 
environment, as suggested by Herskovitz et al^ ., (1970a,b) from studies on 
ureases. Glycols can prevent cytochrome P-450 denaturation by deoxycholate 
and non-ionic detergents, but are ineffective against the more extensive 
disruptions of substituted ureas and organic solvents (Ichikawa and Yamano, 
1967c, Silverman and Talalay, 1967).
Microsomal ESR signals and the denaturing effects of copper cheLating 
reagents, such as, bathocuproine sulphonate (Mason et al., 1965;
Murakami and Mason, 1967; Ichikawa and Yamano, 1970) suggest that copper 
may be involved in the P-450 system. Inactivation by 
p-chloromercuribenzoate gives further evidence for the presence of 
sulphydryl groups (Jefcoate and Gaylor, 1969; Reichman et al., 1972).
Evidence indicates that the haem of the complex is entirely protohaem, 
characteristic of b-type cytochromes (Qmura and Sato, 1964a, 1964b;
Miyake et al., 1968; Nashibayashi and Sato, 1968; Maines and Anders, 1973).
probably due to the interaction with cytochrome P-450 (Gaylor et al., 1970; 
Shimakata et al., 1971). Cytochrome P-420 is biochemically inactive and 
largely membrane dissociated, but optically it is a typical b-cytochrome 
in either its native or liganded, redox states.. COmura and Sato, 1964a,b; 
Ichikawa et al., 1969; Ichikawa and Yamano, 1970) except for a lack of a,
3 band splitting at low temperatures (Ichikawa and Yamano, 1970). ■ 
Cytochrome P-420 is also obtained in either high or low spin states 
(see page 89. ) depending on the reagents used to denature cytochrome P-450 
(Peisach and BlumbeTg, 1970).
In its oxidized state cytochrome P-450 resembles b-ferricytochrome in 
respect of its absorption spectrum.
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There are two variants: a triple band "absolute” spectrum with a, 3 and 
Y (Soret) bands at around 570, 535 and 415 nm respectively, which is
characteristic of low spin ferri-haemoproteins, and a four band variant 
in which a 65Qnin "charge-transfcr" band appears, and the a, 3 and Y peaks 
suffer a relative blue shift (Soret 360-390nm) which typifies a high spin 
cytochrome (Brill and Williams, 1961; Hildebrandt et al., 1968; Peisach 
et al., 1973). A combination spectrum is normally observed, with the 
low spin spectral characteristics predominating (Miyake et al., 1968; 
Nishibayashi and Sato, 1968; Williams, 19^ 8; Jefcoate and Gaylor, 1969; 
Schenkman et al., 1969; Ichikawa and Yamano, 1970; Jefcoate and Boyd, 1971).
Electron spin resonance (ESR) is preferable to optical spectroscopy 
for elucidating cytochrome P-450 spin states. Cytochrome P-450 ESR 
signals populate a different spectral region from haemoglobin derivatives 
and mitochondrial cytochromes, and the intrusive signals of cytochrome b5,
at g = 3.03, 2.23 and 1.43, are well known and need not be confused with
i. '
those of cytochrome P-450. The major requirement of ESR experiments 
is a working temperature below 20°K for resolution of low field (high spin) 
signals (Ichikawa and Yamano, 1970; Peisach and Blumberg, 1970; Peisach 
et al., 1973). Mason et al. (1965) observed an electron paramagnetic 
resonance signal in liver microsomes (g = 1.92, 2.25 and 2.40), and
«- -g2 = 2 . 2 0
1.92
gl =2.44 H
(The g values in the electron spin resonance spectrum of oxidised P-450)
for a while the signal was called IFe 1 but this is now known to be 
cytochrome P-450. The signals were later shown to be induced by those
"Fex” substrates which induce P-450 as shown by spectroscopic 
measurements. The iron could only be low-spin iron (III), i.e. the
The ESR signals of cytochrome P-450 are affected by detergents, 
lowering of the pH, and by sulphydryl reagents!, all of which can 
convert the low-spin Fe (III) to a high-spin fprm. having a signal at 
g = 6.1 (Ichikawa and Yamano, 1968; Mitami arid Horie, 1969). It 
appears that the haem-iron in P-450 and P-420 is bound in an unusual 
chemical form which gives rise to the rather curious low-spin signals 
which are different from those in most other haem proteins. Moreover 
these signals are not very sensitive to changes in the environment of 
the haem as shown by their persistence on switching from P-450 to P-420. 
This is further confirmed by the g-values of the Fe (III) isonitrile 
complexes (Ichikawa and Yamano, 1968): methylisonitrile 1.87, 2.25, 2.43; 
tertiary-butylisonitrile, 1.88, 2.2, 2.43; and phenylisonitrile, 1.89,
2.2 and 2.46. These values are very little different from those of 
oxidised P-450 itself.
■ . . i ■
Upon reduction cytochrome P-450 becomes high-spin and acquires many 
unusual properties (Jefcoate and Gaylor, 1969). Changes in the "absolute''
spectrum are atypical of b-cytochromes in that there is a blue-shift 
diminution of the Soret band instead of a red-shift enhancement, as well 
as a disappearance of distinct a and 3 bands (Miyake et al., 1968).
with CO with a resulting Soret band shift to 450nm. Comparisons with 
haemoglobin indicates that CO ligands to the haem iron (Qmura et al., 1965 
Miyake et al., 1968; Sato et al., 1969). The spectral evidence implies 
that reduced cytochrome P-450 has a haem structure similar to that of 
deoxyhaemoglobin and carboxyhaemoglobin and not the b-type protohaem
oxidised state of the protein
Unlike other b-cytochromes the reduced cytochrome P-450 reacts rapidly
(Williams, 1968). In this high spin state reduced P-450 shows high 
autoxidisability, which may be essential for its role as the terminal 
oxidase of a mixed function oxygenase system.
The intense absorption peak at 450nm of the reduced cytochrome 
P-450-C0 difference spectra indicates an unusual haem environment, 
however cyanide liganding generates a 43Qnm peak of the usual protohaem 
type. Both normal and abnormal haem states, with twin 430 and 450nm 
absorption maxima are stabilised by phenylisocyanide liganding (Miyake 
et al., 1969). Ethylisocyanide also ligands to reduced cytochrome P-450 
giving peaks at 430 and 455nm, the relative heights of which are pH 
dependent (Imai and Sato, 1967a, 1968a, 1969b). Low temperature studies 
by Imai and Mason (1971) hare suggested that a single species of reduced 
P-450 can, under the influence of CO or ethylisocyanide liganding, 
interchange between several electronic configuration states.
Interaction of oxygenase substrates with oxidised microsomal fraction, 
or adrenal cortex mitochondria (Jefcoate et al., 1974) or "cytochrome P-450 
particles" promotes characteristic spectral changes (Remmer et al., 1966). 
These spectral changes are categorized into two main types which are 
classified in Chapter 1 (Fig 1, page 9 ). More recently, as well as type 
I and type II spectra a third type has been characterized and is referred 
to as 'Reverse type I' (type RI) with a peak at about 420nm and a trough at 
39Qnm;this appears to be a mirror image of a type I spectrum (Diehl et al. , 
1970; Schenkman et al., 1972). Type I compounds are generally 
acknowledged to be due to the binding of the compound to the apoprotein of 
cytochrome P-450, while type II compounds produce spectra which are 
associated with ferrihaemochrome formation arising form the interaction of 
the haem iron with a basic nitrogen of the added compound (Schenkman et al.,
1967a). Compounds which give a type 1U spectral change, unlike those 
provoking a type II response, appear not to compete with CO. Diehl et al., 
(1970) have suggested that the type RI spectral change could be due to 
displacement of endogenously bound type I compounds. Alternatively 
Orrenius et a l (1972) have suggested that there could be a type I 
component in the type RI spectral-change and that the type RI might 
therefore be a composite spectrum arising from! the super-imposition of a 
type I with a type II spectrum (Al-Gailany et al,, 1974). Compounds 
which give type RI spectral changes include: ethanol, methanol^1 -butanol, 
acetanilide, several allyl-substituted barbiturates and phenacetin 
(Schenkman et at., 1973) .
Type I, but not type'll, binding loci apparently involve cytochrome 
P-450 associated phospholipid, since the former site is selectively 
destroyed by iso-octane extraction or digestion with phospholipase C and D 
(Chaplin and Mannering, 1970; Eling and DiAugustine, 1971; Leibman and 
Estabrook, 1971). Treatment with isooctane can transform the interaction 
of hexobarbital from type I into a type II. Destructidn of type I 
binding due to the loss of microsomal phosphatidylcholine was accompanied 
by a 50% fall in the hydroxylation activity, whilst aniline hydroxylation 
was unaffected after enhancement of its type II binding. (Eling and 
DiAugustine, 1971). This indicates the possibility of multiple type I 
sites which are differentially dependent upon phospholipid and 
differentially associated with a type II site. Mitochondrial cytochrome 
P-450 treated with isooctane was also resolved into two species; one 
capable of type I interactions and another supporting only type II 
interactions (Jefcoate et al., 1970; Sweat et al., 1970; Whysner et aL, 1970 
Simpson et al., 1971; Jefcoate et al, 1974).
Type II compounds inhibit the type I spectral change in a 
competitive maimer, as well as, partially inhibiting other type M  
interactions. Type I compounds are mutually inhibitory, (not always 
competitively) and appear to enhance the type II interaction (Leibman et 
al., 1969; Orrenius et al., 1970). This stimulation can be uncoupled by
lipid extraction (Leibman and Estabrook, \1971) . The type I spectral
' ! ' | ;i '
change can be interpreted as a transition of oxidised cytochrome P-450
from a low to a high-spin state, the reverse being the case for type II
interactions (Gunsalus et al., 1971; Jejfcoate and Boyd, 1971).
The actual concentration of hepatic microsomal cytochrome P-450 is 
increased by pre-treatment with various drugs and polycyclic hydrocarbons
(Conney, 1967; Remmer, 1972; Conney et hi., 1973; Fujita et al., 1973;
i ■
Welton* and Aust, 1974). The induction is a true de novo synthesis of 
haemoprotein, being prevented by actinomycin D, puromycin or 
cycloheximide and 3-amino-l,2,4-triazole, inhibitors respectively of 
RNA, protein and haem biosynthesis (Emster and Orrenius, 1965; Alvares 
et al., 1968; Baron and Tephly, 1970; iRaisfeld et al., 1970; Imai and 
Siekevitz, 1971). Inducing agents act at both the initial rate 
determining step of haem synthesis, i.e. 5-aminolaevulinic acid 
synthetase; and at the final ferrochelatase catalysed step of iron 
incorporation into the newly synthesised protoporphyrin. Inhibition 
studies indicate that induction of the synthesis of endoplasmic reticulum 
protein, and phospholipid of NADPH2-cytochrome c reductase and cytochrome 
b5, involve separate controls from cytochrome P-450 (Raisfeld et al., 
1970; Montgomery et al., 1974).
Thioacetamide which blocks release of mRNA into the cytoplasm, 
selectively inhibits phenobarbitone induction of cytochrome P-450 but not 
20-me’thylcholanthrene (20MC) induction of P-448, an indication that a
different mechanism is involved (Mvares et al., 1968; Sladek and 
Mannering, 1969). The half-life of uninduced or phenobarbitone 
induced hepatic cytochrome P-450 (haem) is of the order 22 hours.
Induction by 20 MC produces cytochrome P-448 of much greater stability 
with a half-life six times greater (Greim et al., 1970). In the non­
induced microsomal fraction there is some controversy over the presence 
of cytochrome P-448 (or P-446 or P-450) (Alvares et al., 1968;
Hildebrandt et al., 1968; Jefcoate and Gaylor, 1969; Levin and Kuntzman, 
1969; Sladek and Mannering, 1969; Bidleman and Mannering, 1970; Lu et 
al., 1973). In 1973, Alvares, Parii and Mannering suggested that the 
'P-448 ' haemoprotein synthesized in the response to the administration of 
20-MC was a specific molecular entity differing from native cytochrome 
P-450, in that it was not simply a complex ofpolycyclic hydrocarbons with 
native cytochrome P-450, and that it was not found in appreciable amounts 
in hepatic microsomes from animals not exposed to polycyclic hydrocarbons 
or to other agents with similar inductive capabilities. Currently the 
consensus is that different cytochrome P-450 haemoproteins do apparently 
exist in rat liver microsomes and that pretreatment of animals with 
phenobarbital or 20-MC results in the induction of different levels of 
these haemoproteins (Welton. and Aust, 1974).
Phenobarbitone (PB) preferentially induces low-spin cytochrome P-450, 
while 20-MC induces high-spin cytochrome 'P-450' (Jefcoate et'al., 1969, 
1970b; Mannering, 1971a; Waterman and Mason, 1972).
Induction can alter type I and type II interactions. Phenobarbitone 
enhances both types of interaction, spectral binding affinities may or may 
not be altered (Shoeman et al., 1969; Kato et al., 1970; Kutt et al., 1971 
Waterman et al., 1973). The polycyclic hydrocarbons 20 MC and 
3,4-benzo[a]pyrene enhance type II interactions, causing an increase in
binding affinity but without changing the spectral pattern. However, 
type I interactions are diminished with a decrease in binding affinity 
(Kutt et al., 1971).
Cytochrome P-450 is a generic term covering a range of species of 
varying metabolic potential. Thus at one end of the spectrum is the 
marked broadness of the hepatic system hpidling an immense range of 
lipophilic compounds at the other there is the restriction to camphor as 
the substrate in the Pseudomonas putidia system. The hepatic situation 
is designed to meet all manner of substances inflowing from the digestive 
tract and is a bulwark in the defence of homeostasis. In the autotrophic 
organisms such as higher plants one would suspect a situation more akin 
to the bacterial than the vertebrate. This concept was tested by using 
plant tissues in a range of experiments which have thrown light on the
i
mammalian cytochrome P-450 complex.
Results
B. Cytochrome P-450 in rat liver
1) Spectral Studies: Rabbit liver cytochrome P-450 was assigned a
molar extinction coefficient of 91 mM 1 (absorbance at 450nm of reduced 
CO-complex after subtractions of the corresponding 490nm value) by 
Omura and Sato (1964a,b) on the basis of haemoprotein content after 
conversion to cytochrome P-420. However, this value may vary with 
circumstances as indicated in Table 3, page 96* Similar but not so 
pronounced changes occur to cytochrome P-420 extinction coefficients.
For uniformity the content of cytochrome P-450, P-420 and b5 of the 
various tissues and species used are expressed in nmol of cytochrome/mg 
of protein using the following extinction coefficients, 91mM~hem 1 
(A 450-490nm) for 'P-450'; 185mM 1 cm 1 (A426-406nm) for 1b5 1 and lllmM 1 
cm" 1 (A420-490nm) for 'P-420 (Wade et al., 1972)
In normal rat liver microsomal preparations the level of cytochrome 
P-450 and b5 were found to be 0.82 ± 0.09 nmol/mg of protein and 
0.35 ± 0.05 nmol/mg of protein respectively, and the actual difference 
spectra are shown in Fig. 22, p.97. In the case of rat liver there are 
few problems in obtaining clear spectra and most of the contamination 
caused by haemoglobin or carboxyhaemoglobin can be removed by washing 
the prepared microsomes with buffer and further centrifugation at 
105,000g. When washed, microsomal preparations are used, the peak at 
420nm is found to be small indicating a low level of cytochrome P-420. 
Another characteristic difference spectrum is that obtained with 
ethyl isocyanide and changes in the reduced spectrum in the presence of 
ethyl isocyanide can be expressed as changes in absorbance at 455nm and
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Fig. 2 2  Spectral evidence for the presence of cytochrome P-450 and
cytochrome b5 in microsomal fractions from rat liver
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Tab 1 e 4- Cj^ Uk Ii mine P-450  le v e ls jo b ta in ed  from variotis mammaMan spe c ie s
Species Sex Tissue Fraction Cytochrome P-450 levels 
nmol/mg of protein
Guinea pig Female Liver Microsomal 1.28 ± 0.04
Guinea pig Male n ii 1.10 ± 0.02
Hamster Male it ii 0.90 ± 0.01
Mouse Female ii ii 0.86 ± 0.05
Mouse Male it it 1.23 ± 0.05
Rabbit Female it it 1.09 ± 0.01
Rabbit pregnant Female ii M 1.14*
Rabbit Male it 1.05 ± 0.01
Rat Female ii it 0.67 ± 0 .0 3
Rat Male ii ii 0.82 ± 0.06
(* Hopkins, 1973)
Results are the means ± s.d. (5 animals)
Table 5 Cytochrome P-450 levels obtained from Extrahepatic tissues
Species Sex Tissue Fraction Cytochrome P-450 levels 
nmol/mg of protein
Human Female Placenta Microsomal 0.05*
Rat Male Adrenal cortex Mitochondrial 0.50+0.10
Rat Male Kidney Microsomal 0.16 ±0.05
Rat Male Lung Microsomal 0.04 ± 0.01
Rat Female Placenta Microsomal 0 .0 1 *
Rat Male Small intestine Microsomal 0.03 ± 0.01
Rat Male Spleen Microsomal 0.04 ± 0.01
Rat Male Testicular Microsomal 0.10 ± 0.04
(* Hopkins, 1973)
Results are the means ± s.d. (5 animals)
430nm, relative to 5(X)nm, per milligram of protein, or as a ratio of the 
445nm peak to the 430nm peak (Imai and Mason, 1971).
A comparative study of cytochrome P-450 levels in various 
mammalian species is shown in Table 4 (page 98).
In Table 5 (page 98) a comparison of cytochrome P-450 levels in 
extrahepatic tissues are shown. Only the adrpnal cortical mitochondrial 
fraction is comparable with hepatic microsomal levels. Tissues with high 
levels, i.e. liver and adrenal cortex represent the two classes of 
metabolic involvement. The former is concerned with reducing 
lipophilicity and the preparation for excretion; the latter is concerned 
with synthesis of hydroxylated steroids such as the 1 1 3 -hydroxylation of 
deoxycorticosterone (DOC).
ii) Induction of rat hepatic cytochrome P-450: In accord with many
previous reports (Remmer, 1972) treatment with phenobarbital and 
2 0 -methylcholanthrene caused stimulation of haemoprotein synthesis 
resulting in large increases in cytochrome P-450 levels (Fig.24, page 100) 
but not cytochrome b5 levels ( Fig. 25, page 100).
The increases in cytochrome P-450 levels are also accompanied by 
increases in microsomal protein and total liver weight, with 
phenobarbital treatment causing the more pronounced changes (Remmer, 1972). 
Treatment with 20-methylcholanthrene produced a species of cytochrome 
P-450 with maximum absorbance of the reduced CO-complex at 448nm.
These inducers also behaved differently in terms of the ethyl, isocyanide 
difference spectra of hepatic cytochrome P-450. The polycyclic 
hydrocarbon (20-MC) caused increases in the 455nm peak but not the 430nm 
peak, whereas phenobarbital caused increases in both peaks (Table 6 , page 101). 
These findings are in accordance with Kuntzman et al.,(1969).
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iii) Substrate binding to cytochrome P-450 in the rat: In
characterising hepatic and higher plant oxygenases, the ability of 
drugs and steroids to produce type I, RI and II spectral changes with 
cytochrome P-450 was investigated. The occurrence of binding is not 
indicative of metabolism, and it is possible that the potential of 
in vivo metabolism may not show a clear in vitro binding pattern.
The spectral dissociation constant (ks), i.e. the concentration 
of the substrate required for half maximal spectral change, was 
determined where possible. Microsomal pellets from rat liver were 
resuspended in 0.1M, pH 7.4, phosphate buffer to a protein 
concentration of 2mg/ml and used immediately after isolation (i.e. with 
minimum levels of P-420). The type of binding and kg values found are 
shown in Table 7, page 103.
Of the compounds tested only caffeic acid, cinnamic acid,
£-coumaric acid, 2,4-D and 2,4,5-T failed to produce significant
spectral changes. Determinations of Kg values indicated that metyrapone
(0.09mM) and SKF 525A (0.007mM) have a high affinity for hepatic
cytochrome P-450. Aminoglutethimide (Fig. 26b, page 104).
Fig. 26a . Binding spectra with rat liver microsomal fraction
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Table 7
The binding of various compounds to rat liver 
microsomal cytochrome P-450
und Solvent Type of 
Binding
Ks
mM
Text
Figures
glutethimide methanol II 0.45 26b
phenol ethanol II - -
ie ethanol II 0.36 26c
nyl ethanol II ?■ 27a
ic acid ethanol * -
i tetrachloride ethanol * 3.00 27b
nic acid ethanol * - -
laric acid ethanol * - -
• dimethylformamide I - -
ichlorophenoxyacetic acid ethanol * - -
ol RI 27 c .
thimide methanol - 27d
arbital water 0.08- 27e
iazid dimethylformamide II - 28a
c acid methanol I 6.30 28c
apone methanol II 0.09 26a
inamide water II 2.90 28b
barbital water - -
sterone methanol - -
25A dimethylformamide 0.007 26a
sterone methanol - -
Trichlorophenoxyacetic acid ethanol * - -
distinct spectral change 
kg value obtained
Mi crosomal protein per ml of cuvette contents = 2mg 
Average cytochrome P-450 per ml of cuvette 
contents =0.80 nmol/mg of protein
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biphenyl (Fig. 27a, page 105), carbon tetrachloride (Fig. 27b, page 105), 
glutethimide (Fig. 27d, page 105), iproniazid (Fig. 28a, page 106), 
nicotinamide (Fig. 28b, page 106), safrole (Fig. 28d, page 106), also 
readily bind to the haemoprotein. The classical type I and type II 
spectral changes for hexobarbital (Fig. 27e, page 105) and aniline 
(Fig. 26c, page 104) respectively were observed. The steroids 
progesterone and testosterone were poor binding compounds. Laurie acid 
(Fig. 28c, page 106) produced a weak type I binding spectrum and a 
reverse type I spectrum was observed with ethanol (Fig. 27c, page 105).
The effects of changes in protein concentration are shown in Fig. 29.
Aniline gives characteristic type II spectral changes, and increasing the
protein concentration resulted in a decrease in AE but no significant r max &
change in Kg value.
Fig. 29. The effect of changing the protein concentration on K .^ and
AE values obtained from aniline binding studies with male max_______________________ ■  ®________________
rat hepatic microsomal cytochrome P-450
200
max 120
+4+204 ■*2
Protein Concentration
3 mg/ml 
2 mg/ml 
1 mg/ml
Ks (mM)
0.36
0.37
0.37
[Aniline mM]
AEmax
0.017
0.026
0.056
30 The effect of Pretreatment on Type I and Type II binding
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Difference spectra obtained by addition of aniline (3 mM) or hexobarbital (3 mM) 
to test cuvette and solvent to reference cuvette, both cuvettes containing 
hepatic microsomal fraction of protein concentration 2mg/ml.
|- 1 j Untreated male Wistar albino rats 180g
[-■— ] Sodium phenobarbital intraperitoneally in saline (5Gng/kg/day for 3 days) 
|- ^ 9 -| 20-Methylcholanthrene, intraperitoneally ie ethyl oleate
Pretreatment also caused changes in the binding spectra of hexobarbital 
and aniline  ^ Phenobarbital pretreatment stimulated both type I and type II 
binding, the former to a more significant extent 
20-Methylcholanthrene stimulated only the type II interaction
Non-specific dithionite reduction extinguishes type I spectra and 
modifies several type II spectra to twin peak ethyl isocyanide type ligand 
spectra (Imai and Sato, 1967a; Hildebrandt et al, 1969). The addition of 
dithionite to both cuvettes abolished the type II spectra,of
Fig. 31 Metyrapone Binding to Rat Liver Cytochrome P-450
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350 425 500
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• • © Baseline
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metyrapone obtained with rat hepatic microsomal cytochrome P-450 and the 
characteristic absorbance at 448nm was produced (Fig. 31, page 109). 
Metyrapone has been considered to reveal a dichotomy between oxidized 
cytochrome P-450 type I sites, with one site interacting closely with 
the type II interaction centre (Sweat et al., 1970).
iv) The effect of storage conditions on hepatic cytochrome P-450 
Storage results in a gradual destruction of cytochrome P-450 
as determined by its CO-interaction. Glycerol protects cytochrome P-450 
from mild denaturation by detergents, but not the more drastic 
hydrophobic changes caused by N-alkyl ureas (Ichikawa and Yamano, 1967c;
Table 8 ;
The effect of storage conditions on hepatic microsomal cytochrome P-450
Rat Liver Microsomal Preparation
Time 0.1M phosphate buffer, pH 7.4 0.1M phosphate buffer pH 7.4 +2M glycerol
in Cytochrome P-450 level % increase in Cytochrome P-450 level V increase in
Days nmol/mg of protein cytochrome P-420 nmol/mg of protein cytochrome P-4 20
Temperature Temperature Temperature Temperature
-io0c 4°C -10°C 4°C -10°C 4°C -10°C 4°C
0 0.84 0.84 - - 0.75 0.75 - ■
1 0.84 0.77 - 6 0.75 0.74 2
3 0.72 0.60 1 2 27 0.75 0.70 5
5 0.60 0.28 29 58 0.70 0.67 5 8
7 0.42 0.25 46 60 0 . 6 8  0.60 7 15
Ichikawa et al., 1969). The effects of storage conditions on hepatic 
cytochrome P-450 are shown in Table 8 , page 1 1 0 .After 7 days storage at 
4°C there was a marked loss of ’P-450' and a rise in ’P-420', however, 
addition of 2M glycerol reduced this degradation considerably. Storage 
in 0.1M, pH 7.4 phosphate buffer, was also found to effect spectral 
changes (type I and II) and Table 9 (page111) shows that after 7 days 
storage at -10°C the type I binding spectra of hexobarbital obtained for 
both untreated and pre-treated microsomal preparations were lost. The 
effect of storage in the presence of glycerol and its subsequent affect, 
if any, on substrate binding was not studied.
Table 9 Effect of pretreatment and storage on type I and type II 
binding to rat liver microsomal cytochrome P-450
Treatment
lype I Compound 
Hexobarbital 3mM
Type II Compound 
Aniline 3 mM
Absorbance x 103
Trough Peak 
420nm 385nm
Trough Peak 
390nm 430nm
A. Before Storage 
Untreated 
Phenobarbital 
20-Methyl cholanthrene
24 22 
50 40 
8 1 2
18 6  
2 2  16 
34 28
B. After Storage 
at -10°C for 7 days 
Untreated 
Phenobarbital 
20-Methylcholahthrene
* * 
* * 
* *
17 5
18 1 0  
24 20
* No binding spectra observed
For methods of pretreatment see page 71
Male rats were used (average body wt. 180g)
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Fig 32 The effect of deoxycholate on the reduced CO-difference spectrum of 
hepatic cytochrome P-450
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Male rat microsomal preparation containing 0.8 nmol of cytochrome P-450/mg of
protein
-— -— —  Oxidized CO-spectrum; ©-©-© Reduced CO-spectrum;
- - - - Reduced CO-spectrum + 2% (™/v) deoxycholate (0.2 ml)
v) The effect of deoxycholate, phospholipases and iso-octane on 
hepatic cytochrome P-450
Surface acting agents readily degrade cytochrome P-450 into the 
inactive derivative, ’P-420'. This was readily demonstrated in the 
experiment shown in Fig. 32, where the decrease in absorption at 450nm
was concomitant with an increase at 420nm. These changes were obtained by 
adding sodium deoxycholate to the experimental cuvette (equivalent water
to the reference). Similar results were obtained with iso-octane, and 
phospholipase C or D (Table 10, page 113).
Table 10 The effect of deoxycholate, phospholipases and the organic
solvent iso-octane on male rat cytochrome P-450 and its 
subsequent conversion to cytochrome P-420
Treatment Microsomal Cytochrome P-450 
Concentration 
nmol/mg of protein
Conversion of the 
CO-binding pigment
into cytochrome P-42C0.0
Untreated fresh microsomes 0 . 8 6 0
Deoxycholate control 0.80 0
Deoxycholate test 0.40 46
Iso-octane control
° - 6 1 0
Iso-octane test 0.31 60
Phospholipase C control 0.78 0
Phospholipase C test 0.39 47
Phospholipase D control 0.32 0
Phospholipase D test 0 . 2 0 30
Controls containing the appropriate buffer only were incubated in parallel 
with the tests:-
i) Phospholipase C - O.lM Tris-1 mM CaCl2, buffer, pH 7.4 
ii) Phospholipase D-30 mM acetate-0.4 mM CaCl2 buffer, pH 5.7 
iii) Iso-octane-0.1M phosphate buffer, pH 7.4
Iso~octane The microsomal suspension, 30mg protein per ml in O.lM, 
pH 7.4, phosphate buffer, stirred with 50% (V/v) iso-octane for 30
min at 4 C, then centrifuged at 105,000gav x 2h. The pellet of 
extracted microsomes was resuspended to 2mg protein per ml O.lM,pH 7.4, 
phosphate buffer, containing 2M glycerol
Phospholipase C: The microsomal suspension, 5mg protein per ml in
O.lM Tris-lmM CaCl2 buffer, pH 7.4, was slowly stirred with 0.2mg of 
crude phospholipase C (Clostridium welchii) per mg protein for lh at 
room temperature. After stopping the reaction by adjusting to 5mM 
EGTA (Ethyleneglycolbis(aminoethylether)-tetra-acetic acid) and 
Centrifuging at 105,000,gav x lh, the extracted microsomal pellet was 
resuspended in O.lM phosphate buffer, pH 7.4 containing 2M glycerol 
to give 2mg of protein per ml.
Phospholipase D: The microsomal suspension, 5mg protein per ml in
30mM acetate-0.4mM CaCl2 buffer, pH 5.7, was extracted with 
phospholipase D (cabbage) by the method used for phospholipase C.
These various extraction procedures were found to alter the 
binding of compounds to microsomal cytochrome P-450 ( Fig. 33, page 115). 
Iso-octane extracts microsomal lipids, thereby partially destroyingl '■
the microsomal ability to undergo the lipid dependent type I 
interaction, but not the appai e.itly lipid-independent type II haem- 
interaction (Leibman and Estabrook, 1971). This is confirmed by the 
results obtained for aniline and biphenyl (Fig. 33, page 115) The more 
specific removal of phosphatidylcholine by phospholipase C, 
diminished the type I biphenyl spectra and slightly enhanced the 
aniline spectra (Fig. 33, page 115) implying that phosphatidylcholine 
is essential for type I interactions (Chaplin and Mannering, 1970). 
Phospholipase D cleaves just choline, but the acid incubation procedure
markedly diminished the CO-spectral interaction (Eling and DiAugustine, 
1971).
Fig. 33 Spectral Interactions Following Digestion with Iso-octane
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C. Cytochrome P-450 in Higher Plants
i) Determination of Cytochrome P-450 levels: Extrahepatic
cytochrome P-450 and cytochrome b5 are difficult to measure du© to many 
technical difficulties. Liver is relatively easy to homogenise whereas . 
other tissues may be difficult to disrupt requiring vigorous procedures 
which increase the risk of cytochrome P-450 degradation. Furthermore, 
the endogenous level may be one order of magnitude or more lower than in 
liver. Plant tissues also contain pigments which may interfere with the 
various difference spectra and even mask the presence of trace amounts of 
cytochrome P-450. Success or failure becomes geared to the quality of the 
spectrophotometric equipment used.
Initial studies involved difference spectra measurements using an
Unicam SP 800 spectrophotometer and involved a number of higher plant
105,000g„„ x 60min pellet preparations - especially Pisum sativum (pea)«av —— ————
and Phaseolus vulgaris (bean) seedlings. The classical 450 and 420nm 
peaks were missing in the plant preparation (Fig. 34, page 117) 
however, the increased sensitivity of the Unicam SP 1800 
spectrophotometer enabled a distinct peak at 42Qnm to be observed, but no 
450nm peak was detected (Fig. 35, page 117).
Changes in the homogenisation procedure were carried out in order
to obtain a set of conditions that would prevent total destruction of
cytochrome P-450 and its eventual conversion to fP-420’. All
preparations were carried out without delay at a temperature between
0-4°C. The following homogenisation media failed to produce significant
changes in the CO-difference spectra using dithionite reduced
105,000g„„ x 60min pellet preparations from Pisum,sativum, 0.25M sucrose;—av
1.15% (W/v)KCI ; O.lM,pH 7.6,Tris-HCI, buffer; O.lM,pH 7.4,phosphate
117.
Fig. 34 A comparison of CO-difference spectra obtained from the SP800 
and SP1800 spectrophotometers, following dithionite reduction
of various 105,000^ x 6 Qmin pellet preparations
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buffer, and 0.1M phosphate buffer, pH 7.4 - 0.2M sucrose. The 
addition of 2M glycerol to 0.1M phosphate buffer, pi I 7.4
produced a small transient peak or shoulder at 450 nm. The
stability of the CO-binding complex was increased by the 
addition of 0.02M 2-mercaptoethanol and a distinct peak was now
observed at 450 nm (Fig. 36a,b; page 119) o Similar findings were
observed with Phaseolus vulgaris and Zea mays (Fig. 36c,d; page 119) 
preparations. Spectra obtained from preparations from 
non-aetiolated plants were also found to have peaks at 420 and 
450 nm, however interfering pigments made interpretation and 
standardisation difficult (Fig. 37, page 120). These studies are 
summarised in Table 11, page 122.
With the aetiolated potato sprout preparations the effect 
of adding P.V.P. (polyvinyl pyrrolidone) to the homogenising 
medium was tested ,the object being to remove tannin interference.
However, the resulting difference spectrum was completely void of 
peaks(Fig. 39,page 121).One 105,000g x 60 min pellet preparation'—aV
produced a distinct peak at 446 nm (Fig.39,page 1 2 1 )following 
dithionite reduction and CO-treatment of a normal preparation.
This observation indicated the possible presence of one of the 
other ,P-450t species, however this spectral change was difficult 
to reproduce.
ii) Determination of cytochrome b5: Preparations from Pisum sativum
and Phaseolus vulgaris gave a distinct NADH2-difference spectra with a 
peak at 426nm indicating the probable presence of cytochrome b5 
although at low concentrations (of the order 5 pmol/mg protein).
ference Spectra obtained from various, reduced 105,000g'x 60min pellet preparations
- - 0.1M phosphate buffer,pH 7.4 + 2M glycerol;-0.1M phosphate buffer,
pH 7.4 + 2M glycerol * 0.02M 2”mercaptoethanol
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Fig. 37 A CO-difference spectrum obtained from a dithionite reduced
105, QQQ^y x 60min pellet fraction from'Gradus'pea seedlings 
grown under normal daylight conditions
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41 The effects of storage on the CO-difference spectra obtained from Phaseolus 
vulgaris and Pisum sativum 105,000g_x 60 min pellet preparations
(a) Phaseolus vulgaris (Bean cotyledons) 
+0 .04 r
CDU
S
■eoi/)
0
-0 . 0 2
«
(b)
+0.04
Pisum sativum (Pea seedlings)
■eoto
0
-0 . 0 2
( N 
< I 
I I
I
I
I
II
I
I
1
i
I
I
I »
I » 
I *
I *
I ' 
. * 
I '
J
350 450 500
Wavelength (nm)
350 450 500
Wavelength (nm)
Normal Spectra; ---  Spectra after 24h storage at -10°C
Fig.42 Metyrapone Binding to Phaseolus vulgaris cytochrome P-450
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iii) Effect of Storage and Deoxycholate on Cytochrome P-450:
Storage at 4°C or -10°C resulted in the complete degradation 
of cytochrome P-450 to P-420 within 24h (Fig. 41a,b; page 123).
Increasing the concentration of glycerol from 201 (V/v) to 501 (v/v) , and 
further addition of a variety of sulphydryl reagents including, 
2 -mercaptoethanol, dithiothreitol and reduced glutathione all failed to 
prevent the total degradation of cytochrome P-450. Sodium deoxycholate 
[2%(W/v)]treatment also resulted in the conversion of ’P-450’ to 
'P-420’ in preparations from Pisum sativum and Phaseolus vulgaris 
(Fig. 43 a,b).
Fig. 43 The effect of sodium deoxycholate (b) Pisum sativum
on the CO-difference spectra obtained from 
Phaseolus vulgaris and Pisum sativum +0.04
105,000g x 60 min pellet preparations.
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iv) Effect of Pretreatment: Pretreatment studies (page 71)
with such compounds as:- sodium phenobarbital,
2.4-dichlorophenoxyacetate or naphthylacetic. acid all failed to produce 
significant changes in cytochrome P-450 or cytochrome b5 spectra in 
Pisum sativum, Phaseolus vulgaris, Zea mays and Phaseolus aureus 
preparations. These negative results indicate that either the compounds 
tested are non-inducers for the plant system, or they are not readily 
absorbed by the seeds and seedlings during the four day period of 
pretreatment.
v) Binding Studies: Binding studies produced no distinct spectra 
with aniline, aminophenol, biphenyl, cinnamic acid, p-coumaric acid,
2.4-dichlorophenoxyacetic acid, ethanol, hexobarbital, lauric acid, 
naphthy1acetic acid, SKF 525A or testosterone with preparations from
either Pisum sativum or Phaseolus vulgaris. These negative binding 
studies may be related to the low level of cytochrome P-450 or to 
possible high substrate specificity. Metyrapone and the Phaseolus 
vulgaris preparation (105,000g x 60min pellet) gave an unusual type of 
type II spectrum, having a very large trough at 390nm and a smaller 
peak at 430nm (Fig. 42, page 123).
The characteristic 450nm peak in the presence of CO and dithionite 
was detected only in the 105,000g x 60min pellets of the following 
species:- Pisum sativum, Phaseolus vulgaris and Zea mays . Varying
above plants, but no clear pattern of distribution was observed. The 
levels found were many times lower than those found in hepatic tissue 
(Table 4,page 98) being more akin to such mammalian tissues as placenta 
(Table 5, page 98). Degradation was also found to be rapid even when 
protective measures were attempted. There was no indication of induction
amounts were found in both cotyledon(s)
with the limited number of compounds tested, or for extensive 
’substrate' binding. These results may suggest that certain plant 
tissues have a higher level of cytochrome P-450 through special 
metabolic needs.
The results obtained with the new stem growth from tubes of 
Solanum tuberosum (potato) and the traps of Dionea muscipula 
(Venus fly trap) were disappointing. The potato can produce 
'phytoalexins’ including the polyhydroxylated compound rishitin 
in response to fungal or microbial attack. The defence requires 
metabolic steps that could involve cytochrome P-450. The Venus 
Fly trap can survive in conditions of nutritional lack 
(especially nitrogen shortage) by switching to a non-autotrophic 
mode. It digests animal tissue and this may take up anutrients, 
as well as, nutrients leading to a need for detoxication 
mechanisms which could also involve cytochrome P-450. Preliminary 
results were negative, but this may reflect a lack of starting 
material combined with a lack of the appropriate challenge to 
trigger off maximal metabolic activity.
D. Cytochrome P-450 in Persea americana
i) Determination of levels and stability of cytochrome P-450:
Cytochrome P-450 involvement in fatty acid metabolism is 
indicated in a number of reports (Lu et al., 1968, 1972) therefore a 
study on a lipid rich plant tissue was undertaken. The mesocarp of 
Persea americana (avocado pear) was chosen. One fruit can provide more 
than 200g of tissue and upto 261 of the fresh weight is fat (Biale and 
Young, 1971). The tissue was homogenised in 0.1M, pH 7.4, phosphate 
buffer and subjected to differential centrifugation (see page 50)
Of the fractions investigated only the 105,000g x 60min pellet 
(resuspended in 0.1M, pH 7.4 phosphate buffer) fraction gave the 
distinct CO and NADH2-difference spectra.
Fig. 44 CO- and NADH2-Difference spectra of cytochrome P-450 and
b5 obtained from avocado mesocarp 105,000g x 60 min 
pellet preparations
+0.04
<DU
g
■eo
V )
0
- 0.02 ±
420 450
Wavelength (nm)
  CO-difference • spectrum (2 mg protein/ml)
—  NADH2-difference spectrum ( 8 mg protein/ml)
500
Fig. 45 Avocado pear mesocarp CO-difference spectra obtained from 
dithionite reduced 105,000g x 6 Qmin pellet fractions
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The levels of cytochrome P-450 and b5 in five avocado pear mesocarp 
preparations were found to be 0.12 ± 0.04 and 0,008 ± 0.002 (nmol of 
cytochrome/mg protein) respectively (the millimolar extinction coefficients 
used were as previously described for hepatic tissue, i.e. QlmM^cm 1 and 
185 mM J cm !). On this basis the level of cytochrome P-450 exceeds 10%.. 
of the hepatic level (0.84 nmol/mg protein in rat). The cytochrome b5 
is however, only about 2% (O.35nmol/mg protein in rat).
The mesocarp CO-cytochrome P-450 complex like the one produced by 
hepatic tissue preparations, but unlike the other plant tissues so far 
investigated, was stable even in the absence of added glycerol and 
sulphydryl (Fig.45, p.128 ) During storage at -10°C, 4°C or room 
temperature degradation of cytochrome P-450 to P-420 was observed 
The degradation was slow compared with Pisum sativum and Phaseolus
vulgaris preparations, and the conversion to cytochrome P-420 was  ..— —
reduced by the addition of glycerol. (Fig. 46, p.129; Table 12, p.130).
The inclusion of sulphydryl reagents, such as 2-mercaptoethanol, dithiothreitol 
and reduced glutathione, in the homogenizing media and suspending media did 
not further enhance stability.
The maximum 450nm, minimum 420nm peak was obtained at pH 7.4.
Lowering the pH to 5.5 resulted in a marked shift from 450nm to 420nm 
(Fig. 47a,b; p.131).
ii) Effect of deoxycholate, phospholipase C and D: Cytochrome P-450 
is converted to cytochrome P-420 by a wide variety of agents which 
disrupt the association between haemoprotein and microsomal lipid. The 
effect of the surfactant sodium deoxycholate on the hepatic haemoprotein 
was previously shown (Fig. 32, p. 112) and similar findings were obtained 
with the avocado pear mesocarp preparation (Fig. 48, p. 134).
The conversion caused by sodium deoxycholate was diminished by the 
addition of glycerol in both hepatic and mesocarp preparations. 
Phospholipase C or D both caused a shift from 450nm to 42Qnm - as 
shown in Table 13. The cytochrome P-420 formed may be soluble
Table 13
The effect of deoxycholate or phospholipases C or D on avocado 
mesocarp cytochrome P-450
Treatment Cytochrome P-450 
nmol/mg of protein
Cytochrome P-420 
nmol/mg of protein
- ------ -e,
P-450 
P- 420
Untreated fraction 0 . 1 2 0 0.068 1.77
Deoxycholate control 0.088 0.070 1.26
Deoxycholate Test 0.040 0 . 1 0 2 0.39
Phospholipase C control 0.075 0.064 1.17
Phospholipase C test 0.041 0.092 0.45
Phospholipase D control 0.034 0.088 0.38
Phospholipase D test 0 . 0 2 2 0.119 0.19
Table 14
Cytochrome P-450 and b5 levels in the mesocarp of Persea 
americana following pretreatment
72h Pretreatment Cytochrome P-450 Cytochrome
(solute used at 150mg/kg nmol/mg protein nmol/mg protein
fresh weight)
Nil (uncut fruit) 0.07 ± 0.01 0.006 ± 0 . 0 0 2
Nil (cut fruit) 0.06 ± 0 . 0 1 0.004 ± 0.001
Water (solvent for a,b,c) 0.06 ± 0 . 0 2 0.006 ± 0 . 0 0 1
Com oil (solvent for d,e) 0.07 ± 0.02 0.007 ± 0.001
a. Phenobarbital 0.10 ± 0.03 0.008 ± 0 . 0 0 2
b. 2-4-Dichlorophenoxyacetic acid 0.07 ± 0.02 0.006 ± 0 . 0 0 2
c. Napthylacetic acid 0.06 ± 0 . 0 1 0.005 ± 0.001
d. Safrole(4-alkyl-l,2-methylene- 0.14 ± 0.05 0.007 ± 0.002
dioxybenzene)
0.09 ± 0.05 0.007 ± 0.002e. 20-Methylcholanthrene
and thus wash out of the pellet or it may remain bound to the endoplasmic
reticulum (Chaplin and Mannering, 1969)
The effect of sodium deoxycholate on the CO-difference spectrum of avocado
mesocarp cytochrome P-450
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Reduced CO-difference spectrum; --- Reduced CO-difference spectrum
following 2% (w/v) sodium deoxycholate treatment (0 . 2  ml per mg of 
protein).
iii) Pretreatment studies: Pretreatment of avocado fruit with a
variety of compounds including sodium phenobarbital, 2 0 -methylcholanthrene,
2,4-dichlorophenoxyacetic acid and naphthylacetic^ailed to produce 
significant changes in either the level of cytochrome P-450 or b5. (Table 14,pl33) 
The only significant result was obtained with (15Qmg/kg)safrole (Fig.49, 
page 135^  which produced an increase in cytochrome P-450 from 0.07 ±0.01 
to 0.14 ± 0.05 nmol/mg of protein (Students t test, p <0.02, n =5) after 
72h pretreatment. The corresponding increase in hepatic levels was found 
to be 150V (p < 0.001, n = 4). The results obtained were very different 
from hepatic tissue (cf. Table 6 , p. 101). The lack of response of 
mesocaip tissue could be due to lack of uptake of the 1 inducingf
49 Changes in the CO-difference spectrum following 72h Safrole pretreatment
of avocado mesocarp
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agent. Pretreatment of the fruit was only practical over a period 
of three days after which there were overt (Fig. 50, p.136) 
signs of decay. Various methods were attempted to improve the 
penetration of the various solvents, these included floating tissue 
slices on the solution, injection of intact fruits, and infiltration 
under reduced pressure. These techniques showed no advantage over the 
destoned fruit procedure (page 71) and in the case of the tissue slices 
complete loss of cytochrome P-450 was rapidly observed. Access to fruit 
bearing trees grown under control conditions would have been 
advantageous so that pretreatment through a cut stem could be tried. . 
Such facilities would also be suitable for studying the changes in 
cytochrome P-450 levels during development of the fruit with especial 
reference to the climacteric. The act of picking triggers off the 
climacteric in avocado fruit (Biale and Young, 1 9 7 2 )
136.
.50 Two halves of an avocado fruit showing signs of necrosis
iv) Substrate binding to avocado mesocarp cytochrome P-450
Comparable binding studies to those carried out with rat and 
other higher plants were investigated with avocado mesocarp 
tissue. The results obtained are shown in Table 15 and Figures 51a,b,c, 
d,e,f; 52a,b,c,d; 5 3 a,b,c,d; 54a,b,c (pages 138, 139, 140-and 141
respectively).
Table 15 Binding spectra studies on avocado mesocarp 105,0Q0g 
x 60 min -pellet preparations
Substrate Solvent Type of 
Binding
Ks
nM
Fig. and 
page No.
p-Aminophenol Ethanol - - 51a. p.138
Aniline Ethanol - - 51b
Biphenyl Ethanol - - 51c
Caffeic acid Ethanol - - 51d
Carbon tetrachloride Ethanol - - 51e
p-Coumaric acid Ethanol - - 52a, p. 139
2,4-Dichlorophenoxyacetic acid Ethanol I 12.5 52d
Hexobarbital Water - - 52b
Indoleacetic acid Ethanol - - 52c
Metyrapone Methanol II 7.5 53a, p. 140
Naphthylacetic acid Ethanol - - 53b
Nicotinamide Water - - 53c
Laurie acid Methanol I 29.8 54a, p. 141
Safrole Dimethylformamide - - 53d, p. 140
SKF 525A Dimethylformamide - - 54b, p. 141
Testosterone Methanol - - 54c
Cinnamic acid Ethanol - - 51f, p. 138 "
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Only 2,4-dichlorophenoxyacetic acid (Fig. 52d,p.l39 , metyrapone 
(Fig. 53a, p.140) and lauric acid (Fig. 54a,p. 141) gave significant 
spectral changes. Determination of values indicated that
metyrapone had the highest affinity (Fig. 55, p. 142). The addition of 
dithibnite to test and control cuvettes abolished the type II spectrum 
of metyrapone and produced the characteristic absorbance at 448nm (Fig. 56)
Fig. 56 Metyrapone binding to avocado mesocarp cytochrome P-450
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Following 7 days storage at -10°C the type I spectral changes 
caused by 2,4-dichlorophenoxyacetic acid and lauric acid binding to 
mesocaip cytochrome P-450 were lost, but the type II spectrum caused 
by metyrapone binding was reduced but still evident (Fig. 57, p. 144) 
Phospholipase C treatment caused the type I spectrum of 2,4-dichloro 
phenoxyacetic acid to be diminished and complete loss of the lauric 
acid binding spectrum (Fig. 58, p.145).The metyrapone spectrum was 
unchanged. Pretreatment with phenobarbital and 20-methyl cholanthrene
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failed to change the binding spectra produced by 2,4-dichlorophenoxy­
acetic acid and metyrapone. In rat liver, phenobarbital can increase 
both type I and II spectral changes while 20-methylcholanthrene 
treatment increases only the type II spectral change (Fig. 3 0 . p. 108).
v) Solubilization of avocado pear mesocarp cytochrome P-450: 
Cytochrome P-450 from a wide variety of sources acts as the 
terminal oxidase of mono-oxygenase systems responsible for many 
oxidative transformations. This family is metabolically important and 
in enzymic function showsa remarkably broad substrate acceptance —  
especially in tissues under a high anutrient load such as liver. The 
structure-function and nature of the cytochrome P-450 complex, as well as 
variation between different tissues and different species is poorly 
understood at present. Lipid containing membranes are an integral part 
of the system, thus solubilisation may markedly change the structure- 
function relationships. However, solubilisation is an important step in 
achieving a detailed picture of the molecular biology of cytochrome 
P-450.
Only one member of the cytochrome P-450 family has so far been 
purified to a homogenous state, i.e. cytochrome P-450cam from Camphor 
grown Pseudomonas putida which contains the pigment in a soluble state, 
having a molecular weight of between 44,000 and 46,000 (Yu and Gunsalus, 
1974a) . The other non-mammalian system where a soluble CO-binding 
pigment has been demonstrated is in the bacteroids of Rhizobium 
japonicum with a molecular weight of 45,000 (Daniel and Appleby, 1972; 
Peterson et al., 1972).
Evidence currently being accumulated indicates that mammalian 
hepatocytes can synthesise two species of cytochrome P-450 (P-450 and
P-448) with different substrate specificities. Solubilisation and partial 
purification of these haemoproteins has been attempted (Sato et al., 1973; 
Lu et al., 1973). Polyacrylamide gel electrophoresis of rat liver 
microsomal extracts gave three haemoprotein bands which stain with 
benzidine and. H2 0 2 , and have apparent molecular weights of 44,000 
(phenobarbital treated rats), 50,000 (untreated normal rats) and 53,000 
(2 0 -methylcholanthrene treated rats).
Skikita et al.5(1973) have reported the isolation of a soluble form 
from bovine adrenocortical mitochondria, having a molecular weight of 
800,000; while Symms and Juchau (1973) obtained a soluble form from CaCl2  
precipitated human placental microsomes. There is no evidence for 
solubilisation of higher plant cytochrome P-450.
Burke (1972) using detergent solubilization, was able to solubilise 
components of microsomal preparations obtained from hamster-hepatic 
tissue. The non-ionic detergents ’Tween 80* (polyoxyethylene sorbitan 
mono-oleate) and 'Tergitol NPX' (alkylphenyl ether of polyethylene 
glycol) both caused solubilisation of cytochrome P-450 (901) and 
cytochrome b5 (100%) at a detergent concentration of 0.03% (w/w) per mg 
of protein. The addition of 2.5M glycerol was found to improve the 
effectiveness of solubilisation with 90% solubilisation of cytochrome 
P-450 occurring at a detergent concentration of 0.01% (w/w) per mg of 
protein.
Using similar techniques solubilisation of 105,000g x 60 min pellet 
preparations from avocado pear mesocarp tissue was attempted using 
'Tergitol NPX','Tween 80' and deoxycholate. The effect of changing 
detergent concentration and length of solubilization was also studied 
(Table 16, p. 148). Both 'Tergitol NPX' and 'Tween 80’ caused 
considerable solubilisation of mesocarp cytochrome P-450 when a
extraction time of 15h was used at a detergent concentration of
0.05% (w/w) per mg of protein. Centrifugation at 105,000g for 3h was used
as an index of the effectiveness of solubilisation.
Table 16 Solubilisation of avocado mesocarp cytochrome P-450 
showing the effect of detergent concentration and 
extraction time
Detergent Concentration 
% (w/w) per mg 
of protein
Time % Solubilisation 
of Cytochrome 
P-450
'Tergitol NPX' 0 . 0 1 1 -
0.03 1 -
0.05 1 -
0 . 0 1 5 -
0.03 5 -
0.05 5 5
0 . 0 1 15 18
0.03 15 40
0.05 15 98
'Tween 80' 0 . 0 1 15 3
0.03 15 27
0.05 15 89
Deoxycholate 0.05 15 -
Results are the means of three experiments
149.
The characteristic 450 nm peak was only observed in the 
supernatant and not in the resuspended pellet (Fig. 59).
Fig* 59 CO-Difference spectra following1Tergitol NPX*extraction 
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Deoxycholate digestion produced a peak at 420 nm but not at 450 nm, 
indicating degradation during extraction (solubilisation). The 
addition of glycerol to the extraction mixture increased the 
effectiveness of the solubilisation of mesocarp cytochrome P-450 (Fig. 60, p. 150)
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Observations on the (10-difference spectrum obtained from soluble 
preparations Indicate that the peak at 450 nm is very stable, even 
after 72h storage at 4°C there appears to be no reduction in the 
450 nm peak, although the peak at 420 nm appears to be reduced 
(Fig. 60, p. 150). The cytochrome P-420 produced during 
solubilisation appears to be labile.
Binding studies on the solubilised preparations involving the 
following compounds: aniline, biphenyl, cinnamic acid,
2.4-D, hexobarbital, lauric acid and metyrapone, failed to produce 
distinct spectral changes. These negative findings, with
2.4-dichlorophenoxyacetic acid, metyrapone and lauric acid indicate 
that solubilisation alters the integrity of the cytochrome P-450 
complex in such a way that both type I and type II spectral changes 
are lost. However, Lu et al*>(1973) have shown that in the 
presence of substrates, both type I and type II binding spectra 
could be obtained using partially purified haemoprotein 
preparations from rat liver microsomal fractions.
These initial studies indicate that under controlled conditions 
the cytochrome P-450 complex from higher plants can be solubilized 
to give a stable preparation, albeit with loss of type I and type II 
binding.
E. Summary
Cytochrome P-450 was detected in microsomal fractions of various 
hepatic and extrahepatic tissues. The cytochrome was also detected 
in the 105,000g x 60 min pellet fractions of some angiosperms. 
Significant levels were obtained in Persea americana (avocado pear), 
Pisum sativum (pea), Phaseolus vulgaris (bean) and Zea mays .(sweet 
corn) preparations. The highest level being found in the mesocarp 
preparation from Persea americana.
As with the hepatic cytochrome, metyrapone could be used as an 
alternative ligand to CO. Deoxycholate, pH changes, phospholipases C 
and D were found to readily degrade the haemoprotein to cytochrome P-420. 
In comparison with the other plant tissues studied, the Avocado mesocarp 
gave a 450nm peak of considerable stability even in the absence of 
glycerol or thiol group.
Induction studies only gave a significant increase in the mesocarp 
with safrole. Phenobarbital and 20-MC, both of which are effective in 
hepatic tissues, were without effect.
A large variety of compounds were able to bind to the hepatic 
cytochrome P-450 complex and produce both type I and II spectral changes, 
whereas only three out of a wide variety of compounds tested were 
capable of producing significant spectral changes following binding to 
mesocarp cytochrome P-450. Like their hepatic counterparts these 
spectral changes could be affected by either storage or phospholipase C 
treatment.
Solubilisation by 'Tergitol NPX’ or 'Tween 80' appeared successful 
for the 105,000g x 60 minute pellet fraction from avocado mesocarp. A 
450nm peak could be detected in the CO-dithionite treated supernatant
by centrifuging the detergent treated pellet for 3 hrs at 105,000g. 
There was, however, no evidence of type I or II binding spectra after 
this detergent extraction.
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A. Introduction
Numerous substances are known to inhibit the metabolism of foreign 
compounds by liver microsomes in vitro (Fig. 67, p. 173).
Frequently the mechanism of inhibition is not understood, due to the 
uncertainty of the relationships between NADPH2-cytochrome c reductase 
and cytochrome P-450 and of how many functionally different P-450 
species there are in the endoplasmic reticulum of a particular tissue 
(Gillette, et aL, 19 73).
More recently another form of inhibition has been studied in which 
superoxide dismutase catalysing the breakdown of the very toxic 
superoxide ion(0 2*) was shown to inhibit benzphetamine hydroxylation and 
demethylation in the presence of NADPH2, 02 and the three microsomal 
components (cytochrome P-450, NADPH2-cytochrome c reductase and 
phosphatidylcholine) (McCord and Fridovich, 1969; Strobel and Coon, 
1971). This effect was enhanced by high ionic strength (Coon et al, 
1973). 'Tiron* (disodium 1, 2-dihydroxybenzene-3,5-disulfonate 
monohydrate) enhances decomposition of the superoxide ion, again 
resulting in inhibition of hydroxylation (Miller, 1970). Using xanthine 
and xanthine oxidase as a superoxide-generating system under aerobic 
conditions, the hydroxylation of benzphetamine ana ethylmorphine was 
supported even in the absence of reductase fraction and NADPH2*
However the coupling of the generating system with cytochrome P-450 was 
dependent upon the presence of phosphatidylcholine and abolished by the 
addition of the dismutase or Tiron, Fig.62, p. 157, (Fridovich and 
Handler, 1958; Kumar et al., 1972; Coon et al., 1973).
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The involvement of cytochrome P-4.TO in foreign compound metabolism 
is further supported by the fact that substances which destroy 
metabolic activity of the microsomal fraction, e.g. deoxycholate, 
strepsin and snake venom, convert cytochrome P-450 into its inactive 
form cytochrome P-420. Moreover, detergents such as isooctyl- 
phenoxypolyethoxyethanol and 'Triton N-101V, which can be employed to 
partially solubilize microsomes, lower the rate of foreign compound 
metabolism in direct proportion to the conversion of cytochrome P-450 
to 'P-420' (Silverman and Talalay, 1967).
Agents that change the cytochrome P-450 level in a microsomal 
fraction frequently cause a parallel change in the rate at which the 
same microsomes metabolize foreign compounds (Conney, 1967; Remmer,
1972; Alvares et al., 1975a, b). Phenobarbital and 20-methylcholanthrene 
appear to have different specificities as enzyme inducers (Conney,
1967). In liver microsomes, 20-methylcholanthrene is a potent inducer 
of cytochrome P-448 and 3,4-benzo[a]pyrene hydroxylase activity but 
does not stimulate the metabolism of most other substrates. In 
contrast, phenobarbital leads to an increase in concentration of 
cytochrome P-450 and stimulates the hydroxylation of a range of 
substrates (e.g. benzphetamine N-demethylation) although not
3,4-benzo[a]pyrene (Bidleman and Mannering, 1970; Lu and West, 1972).
It is well established that the activity of liver microsomal drug 
metabolising enzymes can be influenced by such factors as age, sex, 
species and strain; as well as stress, hormones (e.g. androgens: Stripp 
et al, 1973; Levin et aL, 1974), drugs and the nutritional state 
(Norred and Wade, 1972; Hayes et al*, 1973). Thus animals deficient in
vitamin C show decreased foreign compound metabolism (Zannoni et ah, 
1972; Zannoni and Lynch, 1973).
These mixed function oxidations consume molar equivalents of 
NADPH2, 02 and substrate (Sasame et al*, 1973), and there appears to be 
three general classes of cytochrome P-450 mediated reactions. The 
first is associated with the endoplasmic reticulum of hepatic tissues 
(Fig. 3, p. 17) in which cytochrome P-450 exists in a
non-stoichiometric relationship with cytochrome b5 and at least two 
flavoprotein dehydrogenases: NADPH2-cytochrome c reductase and NADPH2- 
cytochrome b5 reductase (Estabrook et ah, 1971a). In this system 
adequate amounts of phosphatidylcholine are required for maximum 
activity (Lu et ah,. 1969; Autor et al>, 1973). The second class of 
reactions (Fig.5, p. 21) is associated with the mitochondrial 
fraction of steroidogenic tissues and involves membrane-bound 
cytochrome P-450 and a non-haem-iron sulphur protein (adrenodoxin) in 
a 1:1 stoichiometric relationship (Sih et ah, 1968, Sih, 1969,
Estabrook et ah, 1972). The third category of reactions is typified 
by the bacterium Pseudomonas putida and is specifically involved in 
hydroxylation of camphor (Fig. 4, p. 19) In this system 
cytochrome P-450^^ the non-haem-iron sulphur protein (putidaredoxin) 
and the flavoprotein dehydrogenase exist in a 1 :1 : 1  stoichiometric 
relationship (Peterson, 1970); with NADH2 able to substitute for NADPH2
(Cushman et ah, 1967).
There is little evidence for the metabolism of foreign compounds 
by higher plants. Frear et ah, (1969) showed that 105,000g x lh pellet 
preparation from cotton seedlings, plantain, buckwheat and broad 
beans contain mixed function oxidase that successively N-demethylates
substituted 3-(phenyl)-1, 1-dimethylurea substrates (Fig.8 , p. 29).
This reaction utilized NADPH2 or NADH2 and 02. Inhibitors of the 
reaction included GO, ionic detergents (lauryl sulphate and 
deoxycholate), sulphur compounds (thiourea and p-nitrobenzyl thiocyanate), 
metal salts (HgCl2, CuCl2 and ZnCl2) and electron acceptors
(menadione, riboflavin and cytochrome c). Sesamex and SKF 525A, 
inhibitors of microsomal mixed function oxidases in insects and mammals, 
did not inhibit the aetiolated cotton hypocotyl 105,000g x lh pellet 
enzyme system. Sodium cyanide, sodium azide and EDTA were also not 
inhibitory at the ImM level.
Other metabolic steps that may involve cytochrome P-450 in higher 
plants are: the formation of monoterpene alcohols in Vinca rosea 
seedlings (Meechan and Coscia, 1973), the biosynthesis of gibberellins 
in Echinocystis macrocarpa endosperm (Murphy and West, 1969) and the 
hydroxylation of aromatic compounds (cinnamic acid) by Pisum sativum 
seedlings (Russell, 1971; Buche and Sandermann, 1975) and aetiolated 
Sorghum seedlings (Potts et ah, 1974). Recently a ’P-450* type 
cytochrome has been detected in 105,000g x lh pellet preparations from 
Arum italicum [spadix] (Ydhiel et al., 1974) and Sblanum tuberosum 
[potato tuber] (Cotte-Martinon et aL, 1974). The role of the cytochrome 
in the spadix is not known at present, however in the potato tuber there 
appears to be a relationship between cytochrome P-450 levels and 
peroxidase activity (i.e. an increase in peroxidase activity is 
accompanied by a rise in cytochrome P-450 levels).
Foreign Compound Metabolism
a) Levels in Hepatic and Extrahepatic Tissues
Hepatic studies have shown that many reactions involve microsomal 
cytochrome P-450, therefore a selection of these reactions were 
studied in both hepatic and higher plant subcellular fractions and a 
comparison of the levels obtained are shown in Table 17.
The levels observed in the higher plant 105,000g x 60 min pellet 
fractions were found to be one or two orders of magnitude lower than 
the corresponding hepatic levels.
Table 17 Some enzyme activities in the 105,000g x 60 min pellet fractions1   — — .ii.■ _ -I,; ...... — i —*aV      . '— i 
from Persea americana mesocarp, Phaseolus vulgaris cotyledons, 
Pisum sativum seedlings and rat liver (In each case a 10,000g x 
20 min supernatant was spun at 105,000g x 60 min).
Enzyme
Rat
Liver
Persea
americana
mesocarp
Phaseolus
vulgaris
cotyledons
Pisum
sativum
seedlings
105,000g x 60 min ]Pellet Fractions
nmol of product formed/mg protein/h ± S.E.M.
Aniline 4-hydroxylase
Benzpyrene 4-hydroxylase
Biphenyl 2-hydroxylase
Biphenyl 4-hydroxylase
£- Chloro-N—methy lani line 
N-demethylase
p-Nitroanisole 0 -demethylase
70 ± 10 
0.45 ± 0.15 
13 ± 1.7 
1 0 2  ± 8 . 0
290 ±7.5 
140 ± 20.0
3.9 ±0.7 
*
0.25 ± 0.01 
6 . 0  ± 0 . 2
7.7 ± 1.0 
4.3 ± 0.6
*
*
*
*
1.8 ± 0.4 
6.2 ± 1.5
*
*
*
*
1 . 2  ± 0.3 
4.0 ± 1.0
* No detectable activity
(ihe results are the means of five determinations ± S.E.M.)
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The enzyme activities in extra-hepatic tissues were also studied 
and compared with the levels found in the mesocarp of Persea americana 
(Table 18, p. 162). A problem in the design of this type of comparative 
study is that optimum conditions for one tissue may not be so for a 
different tissue. It would seem that, in general, levels in 
extrahepatic tissues are of the same, order of magnitude as those found 
in the avocado mesocarp 105,000g x 60 min pellet fraction. The major 
exception was with the very sensitive benzo[a]pyrene 4-hydroxylase assay.
The plant preparations showed no evidence of benzo[a]pyrene metabolism, 
whereas most of the extrahepatic tissues did.
b) Subcellular Distribution
The distribution of several enzymes was compared in both avocado 
pear mesocarp and rat liver fractions. The specific activities of 
biphenyl 4-hydroxylase (Table 19, p. 164) and £-chloro-N-methylaniline 
N-demethylase (Table 20, p. 164) were greatest in the rat liver 
microsomal fractions. The "nuclear" fractions contained significant 
amounts of the total activity for each of these enzymes (Fig. 63, p. 165)
This may be consistent with endoplasmic reticulum remaining in cells 
that are not totally disrupted during homogenization (these cells settle 
in the nuclear fraction).
Results from mesocarp'fractions show that the majority of activity was 
associated with the 105,000g x 60 min pellet and supernatant fractions.
Further centrifugation at 105,000g x 3h failed to reduce the level of 
activity in the supernatant fraction indicating the possible presence of 
soluble enzymes. The recovery values for p>-nitroanisole O-demethylase 
(Table 21, p. 166) p-chloro-N-methylaniline N-demethylase (Table 22, p. 166) 
and biphenyl 4-hydroxylase (Table 23, p, 167) were lower than fhe
Table 19 Distribution of biphenyl 4-hydroxylase activity in
rat liver fractions
Fraction 9 Activity %Recovery
. ...
**Specific Activity
Homogenate 6.40 1 0 0 0.038
600g x 1 0  min pellet 0.72 11.3 0.025
4000g x 10 min pellet 0.54 8.4 0.015
1 0 ,0 0 0 g x 2 0  min pellet 0.72 11.3 0.050
105,000g x 60 min pellet 3.50 54.6 0.125
105,000g x 60 min supernatant 0.18 2 . 8 0.003
Total recovery was 8 8 % (mean of four determinations)
Table 20 Distribution of p-chloro-N-methylaniline N-demethylase
activity in rat liver fractions
Fraction ^Activity %Recovery **Specific Activity
Homogenate 15.5 1 0 0 0.09
600g x 1 0  min pellet 4.5 29.0 0.16
4000g x 10 min pellet 0.9 5.8 0.03
1 0 ,0 0 0 g x 2 0  min pellet 1 . 8 1 1 . 6 0.13
105,000g x 60 min pellet 6.5 42.0 0 . 2 2
105,000g x 60 min supernatant 0.3 1.9 0.05
Total recovery was 90% (mean of four determinations)
* ymol of product formed/h/g fresh wt 
** ymol of product formed/h/mg of protein
J^ ig. 05 Distribution studies in rat liver fractions
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Table 21 Distribution of p-nitroanisole O-demethylase activity in
avocado pear mesocarp fractions
Fraction *Activity % Recovery **Specific Activity
Homogenate 10.80 1 0 0 0.39
600g x 1 0  min pellet 0.13 1 . 2 0 . 0 2
4000g x 10 min pellet 0.17 1 . 6 0.09
1 0 ,0 0 0 g x 2 0  min pellet 0.16 1.5 0 . 1 2
105,000g x 60 min pellet 0.13 i. 2 0.16
105,000g x 60 min supernatant 4.50 41.7 0.38
Total recovery was M% (mean from four determinations)
Table 22 Distribution of p-chloro-N-methylaniline N-demethylase activity
in avocado pear mesocarp fractions
Fraction ^Activity % Recovery **Specific Activity
Homogenate 15.40 1 0 0 0.56
600g x 1 0  min pellet 0 . 1 0 0.7 0 . 0 1
4000g x 10 min pellet 0.15 1 . 0 0.08
1 0 ,0 0 0 g x 2 0  min pellet 0 . 1 0 0.7 0.08
105,000g x 60 min pellet 0.77 5.0 0.96
105,000g x 60 min supernatant 8.50 55.2 0.72
Total recovery was 631 (mean from four determinations) 
* nmol of product formed/h/g fresh wt 
** nmol of product formed/h/mg of protein
Table 23 Distribution of biphenyl 4-hydroxylase activity in
avocado pear mesocarp fractions
Fraction *Activity ^Recovery **Specific Activity
Homogenate 15.0 1 0 0 0.54
600g x 1 0  min pellet - - - -
4,0 0 0 g x 1 0  min pellet 0 . 1 0.7 0.05
1 0 ,0 0 0 g x 2 0  min pellet 0 . 1 0 .7 0.08
105,000g x 60 min pellet 0 . 6 4.0 0.75
105,000g x 60 min supernatant 8 . 2 54.6 0.69
Total recovery was 60% (mean from four determinations)
Table 24 Distribution of biphenyl 2-hydroxylase activity in
avocado pear mesocarp fractions
Fraction 6Activity ^Recovery **Specific Activity
Homogenate - - -
600g x 1 0  min pellet - - -
4,000g x 10 min pellet - - -
1 0 ,0 0 0 g x 2 0  min pellet - - -
105,000g x 60 min pellet 0.03 - 0.04
105,000g x 60 min supernatant 0 . 2 1 - 0 . 0 2
Total recovery was not determined. (The results obtained are the means from four 
determinations)
* nmol of product formed/h/g fresh wt 
** nmol of product formed/h/mg of protein
RS
A 
RS
A 
RS
A
64 Distribution studies in avocado pear mesocarp fractions
i) p-Nitroanisole O-demethylase
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0.5
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40 60
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RSA = Relative Specific Activity
corresponding values obtained with hepatic fractions. These low 
recoveries may be due to apparent loss of the phase I metabolite by 
a phase II reaction (conjugation). The recovery of biphenyl-2- 
hydroxylase (Table 24, p. 167) was not calculated as activity was 
only detectable in the 105,000g x 60 min pellet and supernatant 
fractions. The 600g x 10 min pellet fraction contained a high level 
of protein (Table 54, p. 228) indicating the presence of undisrupted 
cells, however little O-demethylase (Fig..64(i), p. 168) 
N-demethylase (Fig. 64(ii),p.168) or hydroxylase (Fig. 64(iii), p. 168) 
activity was detectable in this fraction.
c) Cofactor Requirements
By definition, the mixed function oxidation consumes equal amounts 
of NADPH2, 02 and substrate. The role of NAEH2 in the classical system 
(Fig. 3, p. 17) is still uncertain but it could be in the reduction 
of cytochrome b5 (Sasame et al, 1973; Hrycay and Estabrook, 1974). 
Therefore the dinucleotide and cofactor requirements of 
p-chloro-N-methylaniline N-demethylase and biphenyl 4-hydroxylase were 
studied.
There is an absolute requirement for NADPH2 in the rat liver 
microsomal mixed function oxidase system (Table 25, p. 170).
However in the fruit mesocarp fraction NADH2 is equally effective in 
supporting the relatively low N-demethylase and hydroxylase activities. 
There was no evidence of synergism between NADPH2 and NADH2 for either 
system. Increasing the concentration of nicotinamide (prevents 
breakdown of NADP+), glucose-6 -phosphate and NADP+ increased (optimum 
conditions when cofactors are in excess) the tN-demethylation of 
p-chloro-N-methylaniline and the 4-hydroxylation of biphenyl by the
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105,000g x 60 min pellet fraction prepared from mesocarp tissue
2 +
(Fig.65, p. 171). Increasing the concentration of Mg in the 
form of magnesium chloride resulted in a decreased activity (Fig. 65, 
Similar changes were observed in the 105,000g x 60 min supernatant 
fraction.
The optimum pH range for demethylase and hydroxylase activity 
(Fig. 6 6 a, p. 172) was 7-8 (in 0.1M phosphate buffer). Maximum 
activity could be achieved in vitro at 30°C (Fig. 6 6 b).
Fig. 6 6  Effect of pH and temperature on enzyme activity
a) pH
■r 4
pH
b) Temperature
Temperature °C
Activity expressed in nmol of product formed/mg protein/h.
- - - - Biphenyl 4-hydroxylase;— p-Chloro-N-methylaniline demethylase
p. 171)
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The low activities encountered even in the presence of excess 
substrate prevented a successful study of initial velocity variation 
with changing substrate concentration and thus Km values could not be 
determined.
d) Inhibition Studies
The involvement of cytochrome P-450 in mixed function oxidase 
reactions is usually characterised by the inhibition of these reactions 
by CO and many other compounds (Fig. 67, p. 173).
Thus the effects of various compounds on N-demethylase and hydroxylase 
reactions carried out by hepatic and mesocarp fractions were studied.
Changes in the incubation atmosphere caused marked changes in 
both the N-demethylation of pCMA and the hydroxylation of biphenyl by 
hepatic microsomal fractions (Table 26, p. 175). An atmosphere of 
02 caused elevated levels of activity, whereas both CO and Nz caused 
marked reductions in both demethylation and hydroxylation activities. 
When the mesocarp fraction was studied 02 and N2 did not produce 
significant changes and the inhibition by CO was complete in rat liver 
but only marginal in the case of the avocado preparation. However 
preparations from Pisum sativum and Phaseolus vulgaris were liver-like 
in that CO caused complete inhibition of the low N-demethylase activity. 
The lack of inhibition with CO suggests that the low activities of 
N-demethylase and hydroxylase encountered in the avocado pear mesocarp 
are not mediated through the cytochrome P-450 system.
The effect of various other known inhibitors of hepatic 
hydroxylation reactions were also studied and the following compounds 
caused marked inhibition of both the demethylase and hydroxylase 
reaction (Table 27, p. 176) a ^ -bipyridyl, p-chloromercuribenzoate
Table 26 The effect of incubation atmosphere on the hydroxylation of
biphenyl and the N-demethylation of p-chloro-N-methylaniline 
by hepatic and mesocarp 105,000% x 60 min pellet fractions
Reaction Atmosphere Activity .(%)
Rat Liver Avocado Pear Mesocarp
p-Ohloro-N-methyl- 
’ani 1 ine N- demethyl as e
Air 1 0 0 1 0 0
0 2 105 1 0 0
n2 1 0 90
CO 0 70
Biphenyl 4-hydroxylase Air 1 0 0 1 0 0
0 2 108 1 0 0
n2 4 90
CO 0 67
The results are the means of three experiments
The required atmosphere was achieved by bubbling the appropriate gas through 
the incubation mixture for 30 min.
Table 27 The effect of various compounds on the N-demethylation
of p-chloro-N-methylaniline and the hydroxylation of 
biphenyl by hepatic and mesocarp 105,000g x 60 min 
pellet fractions
Reaction Compound Activity (%)
Rat Liver Avocado Pear 
Mesocarp
Control 1 0 0 1 0 0
p-Chloro-N-methyl - 
-aniline N-demeth- 
ylase
a^-Bipyridyl (2mM) 
p-Chloromercuribenzoate (0.2 mM) 
Cu2 (i mM)
Metyrapone (1 mM)
Potassium cyanide (1 mM)
SKF 525A (1 mM)
24h Storage at -20 °C
55 ± 8  
58 ± 2 
9 0 + 2  
2 0  ± 13 
96 ± 1 
24 ± 9 
87 ± 3
80 ± 5 
73 ± 14 . 
95 ± 1 
71 ± 9 
1 0 0  
70 ± 13 
80 ± 7
Biphenyl
4-hydroxylase
a,c/-Bipyridyl (2 mM) 
p-Chloromercuribenzoate (0.2 mM) 
Cu2 (1 mM)
Metyrapone (1 mM)
Potassium cyanide (1 mM)
SKF 525A (1 mM)
24h Storage at -20 °C
46 ± 9 
50 ± 6  . 
75 ± 7 
2 2  ± 1 1  
95 ± 1 
34 ± 8  
85 ± 2
83 ± 7 
78 ± 4 
80 ± 6  
76 ± 9 
1 0 0
74 ± 11 
78 ± 12
(The results are from five experiments ± S.E.M.j
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cupric ions, metyrapone and SKF 525A. Both systems are cyanide 
insensitive. The inhibition of these reactions in the mesocarp 
fraction was less throughout the range of materials tried (Table 27, p. 176). 
The activity lost due to 24h storage at -20°C was similar for both 
tissue fractions.
The failure of the compounds tested to cause marked inhibition 
of the low level of metabolic activity in the mesocarp fraction may 
further indicate that the metabolism of so-called foreign compounds 
is not, or only partially, mediated by the cytochrome P-450 complex.
Therefore its major role within the plant environment is probably not 
to mediate the metabolism of foreign compounds. It is also possible 
that inhibitor access into the cytoplasm of the mesocarp is much more 
difficult than entry into hepatic cells, an aspect associated with 
the high fat content (26% fresh weight) in the avocado fruit.
178.
c) Pretreatment Studies
Hepatic studies have shown that agents effecting an increase in 
the microsomal cytochrome P-450 level as judged by spectral 
measurement, also cause increases in the rate at which this fraction 
metabolises foreign compounds (Table 28, p. 178). This suggests that 
cytochrome P-450 is the rate limiting material in this metabolic 
pathway. A similar pattern has been observed in extrahepatic 
mammalian tissues (Lake et al«, 1975). 
ble 28 Effects of pretreatment on hepatic enzyme activities
Enzyme Type of Pretreatment
PB 20MC S
Control 100% 100% 100%
Aniline 4-hydroxylase 250^ 165^ 160^
Benzo[a]pyrene 4-hydroxylase 200^ 600^ 300^
Biphenyl 2-hydroxylase 305^ 690^ 610^
Biphenyl 4-hydroxylase 300^ 240^ 375(a)
p>-Nitroanisole O-demethylase 235^ 23 5 230^
£-Chloro-N-methylaniline N-demethylase 210^ 240^ 270^
In each case the control (diet only) is set at 100% and in each case there 
is 7 days pretreatment:-
PB = sodium phenobarbital administered in the diet 0.10% w/w
20MC = 20-methylcholanthrene " " " " 0.05% w/w
S = Safrole " " M " 0.25% w/w
(a) = P<0.001; (b) P<0.01; (c) P<0.05
(n = 4; all these results are significant at P<0.05)
Pretreatment. studies with these three agents led to an increase 
in avocado mesocarp cytochrome P-450.as judged hy the spectral 
peak height only with safrole (Fig. 49, p. 135). No significant 
increase in metabolising activity could be detected in avocado 
mesocarp, or Pisum sativum or Phaseolus vulgaris seedlings. One 
problem is the effective uptake of the agent under consideration by 
the plant tissue.
f) Further studies on the hydroxylation of biphenyl
i)Thin layer chromatography of the metabolism of [G-1^ C]-biphenyl
These experiments were carried out in collaboration with a 
colleague, Mr. F.J. McPherson and the comparison was made-with 
Syrian hamster liver.
The incubation of [G-14C]-biphenyl with a microsomal fraction, 
followed by separation on a thin-layer silica gel (HF2 5 4 ) 
with benzene-ethanol (95.5% v/v), confirmed that 4-hydroxybiphenyl 
is the major biphenyl metabolite in adult hamster liver with 
2-hydroxybiphenyl a minor metabolite (Table 29, p. 180).
Other minor metabolites detected were 2,2'-dihydroxy- and 
4,4’-dihydroxy-biphenyl. Incubation with 3-glucuronidase, or acid 
hydrolysis gave no indication of conjugation of these metabolites. A 
trace of metabolic activity was detected with avocado mesocarp. Again 
there was no evidence of conjugation.
Table 29 Distribution of [jO^C]biphenyl and its metabolites
following in vivo metabolism by hamster and avocado 
mesocarp 105,000 £ x 60 min pellet fractions.
Compound R,. values 
of
Standards
% Activity Recovered
Hamster
Liver
Avocado
Mesocarp
Biphenyl 0.96 55.0 88.0
2,QH-Biphenyl 0.85 9.5 2.0
4,0H-Biphenyl 0.49 22.0 4.0
2,2’-diOH-Biphenyl 0.33 3.0
4,41- diOH-Bipheny1 0.12 1.5 -
Unidentified Compounds 0.20 4.5 -
Origin - 1.5 2.0
Total % d.p.m. Recovered 98.0 96.0
Results are the means from four experiments.
ii) A comparison of the in vitro properties of biphenyl 2- and
4-hydroxylase activities
The microsomal hydroxylation of biphenyl is well documented in the 
rat and hamster hepatic systems, the major metabolites being 2- and 
4-hydroxybiphenyl (Burke and Bridges, 1975). Induction studies 
(Creaven and Parke, 1966; McPherson et ah, 1974) indicate that 
pretreatment of animals with polycyclic aromatic carcinogens leads to 
an increase of biphenyl 2-hydroxylation rather than biphenyl 
4-hydroxylation. Non-carcinogens, however, caused either a preferential 
elevation of biphenyl 4-hydroxylation or had no effect. It has been 
demonstrated (McPherson et al., 1974; Bridges et aL, 1973) that the 
in vitro addition of a range of carcinogens to hepatic microsomes can 
also produce a selective enhancement of biphenyl 2-hydroxylase 
activity, whereas non-carcinogens produced no detectable enhancement.
It has been suggested (McPherson et al., 1974a) that some of these 
in vitro induced changes in biphenyl 2-hydroxylase may serve as a 
parameter of early membrane damage. The in vitro addition of some 
compounds on the biphenyl 2-hydroxylase activity in the avocado pear 
also appear to support this concept (Table 30, p. 182).
Both safrole and 3,4-benzo[a]pyrene produced an in vitro 
enhancement of biphenyl 2-hydroxylase in the 105,000g x 60 min pellet 
fraction of the avocado pear but had no effect on the 2-hydroxylase 
activity of the supernatant fraction (Table 30, p. 182). The 
enhancement produced by safrole was similar to that found using 
hamster hepatic microsomes. 3,4-Benzo[a]pyrene, however, produced a 
significantly lower level of enhancement in the plant system. Since 
it is probable that an active metabolite is required for a carcinogen
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Table 30 Effects of preincubation of various compounds on
biphenyl 2- and 4-hydroxylase in the 105,000 g x 60 min 
pellet and supernatant fractions of avocado mesocarp and 
microsomal fraction of Hamster liver.
Avocado Mesocarp
Hamster
MicrosomalSupernatant Pellet
a) Biphenyl 2-Hydroxylase
100 
107+6 (N.S.) 
96+11 (N.S.) 
104+7 (N.S.) 
102+9 (N.S.)
100
163+9 (p<0.05) 
131+12(p<0.05) 
104+7 (N.S.) 
106+4 (N.S.)
100
181+12 (p<0.05) 
349+17 (p<0.05) 
98+4 (N.S.) 
103+6 (N.S.)
Control
Safrole
3.4-Benzo(a)pyrene
1.2.3.4-Dibenzopyrene 
Phenobarbital
b) Biphenyl 4-Hydroxylase 
Control 
Safrole
3.4-Ben z o ( a) pyrene
1.2.3.4-Dibenzopyrene 
Phenobarbital
100 
94+7 (N.S.) 
103+12 (N.S.) 
103+7 (N.S.) 
104+4 (N.S.)
100 
88+14(N.S.) 
96+7 (N.S.) 
96+6 (N.S.) 
108+9 (N.S.)
100
66+9 (p<0.05) 
93+12 (N.S.) 
104+4 (N.S.) 
103+6 (N.S.)
3,4-Benzopyrene and 1,2,3,4-dibenzopyrene were dissolved in 
groundnut oil (saladin) to give a final concentration of 1 mg/ml.
Safrole and phenobarbital were dissolved in 1.151 KC1 + 1.5% Tween 80 to 
give a final concentration of 1 mg/ml.
Results are expressed as percentages of control values _+ S.E.M. 
(n = 10). N.S., Not significant.
Table 31 io:>*
Various levels of activity of drug metabolising systems in 
the 105,000g x 60 min pellet and supernatant fractions from 
avocado mesocarp tissue
' Enzyme' Avocado Mesocarp
* Pellet* Supernatant *
Aniline 4-hydroxylase 3.9 ±0.7 2.7± 0.6
Biphenyl 2-hydroxylase 0,25 ± 0.01 0.19 ± 0.01
Biphenyl 4-hydroxylase 6.0 ± 0,2 6.2 ± 0.2
Cytochrome b5 0.008 ± 0.001 - ■
Cytochrome P-450 0.10 ± 0.04
NADPH2-Cytochrome c reductase 420 ± 120
NADPH2 -Cytochrome P-450 reductase 580 ± 200
£-Chloro-N-methylaniline N-demethylase 7.7 ±1.0 7.0 ±1.2
2 “Nitroanisole 0-demethylase 4.3 ± 0.6 3.8 ±0.8
* nmol of cytochrome/mg of protein ± S.E.M. (n = 5) 
or nmol of product formed/mg of protein/h ± S.E.M. (n = 5)
to enhance biphenyl 2-hydroxylase, the low enhancement by
3,4-Benzoja]pyrene is probably related to poor uptake into plant 
tissue and, or, lack of metabolism of 3,4-benzo[a]pyrene in the fruit 
compared with the hamster liver system.
Inhibition studies indicate that the known inhibitors of 
cytochrome P-450 mediated reactions have a greater effect on the 
4-hydroxylation of biphenyl in both hamster and mesocarp preparations 
than on the 2-hydroxylation of biphenyl (Table 32, p. 185) by these 
fractions. These results further indicate that the 2-hydroxylation 
may not be totally cytochrome P-450 dependent. *
iii) In vitro, activation of drug metabolising enzyme systems
The in vitro activation of several microsomal drug metabolising 
enzyme systems has been demonstrated in rat liver. Imai and Sato 
(1966), found that in vitro increases in aniline hydroxylase activity 
could be accomplished by pre-treating the microsomal fraction with 
high concentrations of ethyl isocyanide. A similar elevation of the 
activity of this enzyme can also be elicited by pretreatment with 
acetone (Anders, 1968), 2,2'-bipyridyl (Anders, 1971) and volatile 
anaesthetics (Korsean and Van Dyke, 1973). The microsomal hydroxylation 
of acetanilide and the trichloroethylene have also been shown to 
increase after in vitro treatment of hepatic microsomes with 
metyrapone (Leibman, 1969).
Does this activation occur in the avocado pear mesocarp? The 
normal levels of activity in the 105,000g x 60 min pellet and 
supernatant fractions are shown in Table 31, P* 183,• p^e effect of 
pre-incubation with phenobarbitone or benzo [a]pyrene is shown in 
Table 33, p. 186 .
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Table 32 Comparison of properties of biphenyl 2- and 4-hydroxylase 
in 105,000 g x 60 min pellet and supernatant fractions 
prepared from avocado mesocarp and microsomal fraction from 
Hamster liver.
V
Biphenyl 2-Hydroxylation
Treatment Avocado Mesocarp Hamster
Pellet Supernatant Microsomal
Control 100 100 100
Saturation by CO 86 + 7 92 + 3 77 + 8
1 mM - SKF 525 A 88 + 7 96 + 6 66 + 6t
1 mM - Cu2+ 93 + 6 100 + 4 100 + 2
1 mM - NADH2 104 + 4 107 + 6 93 + 9
Percentage loss of 8 4 - 6 93 -  9 00 o> 1+
activity after 24 h
storage at -20°C
Biphenyl 4-Hydroxylation
Avocado Mesocarp Hamster
Pellet Supernatant Microsomal
Control 100 100 100
Saturation by CO 77 + 9 81 + 3 27+11*
1 mM - SKF 525 A 76 + 11 88 + 6 19 + 13*
1 mM - Cu2+ 79 + 7 92 + 5 77 + 8
1 mM - NAEH2 69 + 9 89 + 6 16 + 7*
Percentage loss of
CM+ 1CO1^
o>+ i CO 8216
activity after 24 h
storage at -20°C
Results are expressed as percentage of control values .+■ S.E.M.
(n = 10)
* Indicates hamster microsomal data significantly different (p<0.05) from that 
of avocado pear, t Indicates hamster microsomal data significantly different 
(p<0.5) from that of avocado pear.
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It was apparent that pre-incubation with 3,4-benzo[alpyrene 
but not phenobarbitone, using the pellet fraction (105,000g x 60 min), 
caused a selective elevation only in biphenyl 2-hydroxylase activity, 
while in the supernatant fraction no significant increases in any 
drug metabolising enzyme was observable. This highly selective 
effect caused by 3,4 benzo[a]pyrene pre-incubation on the 105,000g 
pellet drug metabolising enzyme implies a specific change in the 
"microsomal" oxidase system. There is no significant change in either 
the levels of cytochrome P-450 or NADPH2~cytochrome P-450 reductase 
activity (Table 33, p. 186).
These findings support the view that the in vitro enhancement 
by 3,4-benzo[a]pyrene of biphenyl 2-hydroxylase is mediated via 
selective changes in the microsomal membrane associated with biphenyl 
2-hydroxylase activity rather than through general stimulation of the 
endoplasmic reticulum. The changes caused by 3,4-benzo[a]pyrene 
pre-incub at ion may be related to the binding of biphenyl, or a change 
in orientation favouring the 2-hydroxylation but not the 4-hydroxylation 
by the 105,OOOg pellet fractions.
g) Summary
The initial studies appear to indicate that the capacity of 
certain higher plants to metabolize foreign compounds is low, whether 
or not these levels are constant throughout development is uncertain. 
From inhibition and pre-treatment studies it seems likely that the 
major role of the cytochrome P-450 complex in higher plants is not the 
metabolism of foreign compounds (i.e. preparation for excretion).
Certain similarities with liver were observed, thus in the 
2-hydroxylation of biphenyl, pre-incubation with the carcinogen.
3,4-benzo[a]pyrene suggested that the level of cytochrome P-450 
is not the rate limiting factor. One major difference between 
mesocarp and liver is that for the former measurable activities 
were observed in 105,OOOg supernatant fractions which were not 
removed by further centrifugation at 105,OOOg. Thus the higher 
plant tissues investigated have an affinity with mammalian 
extra-hepatic tissues, in that the system involving cytochrome P-450 
is probably involved in specific synthetic reactions.
C. Oxidation of Laurie Acid
Introduction
Hydroxy-fatty acids are widely distributed in nature and have 
been found as constituents in a number of microorganisms, plants, 
and animals (Downing, 1963). In recent years, a number of cell- 
free systems have been investigated which produce hydroxy fatty 
acids either by a direct oxygen-dependent hydroxylation or by the 
addition of water across a double bond. These hydroxylating systems 
have been studied extensively in animal tissues (Wakabayashi and 
Shimazono, 1963; Preiss and Bloch, 1964; Lu and Goon, 1968; Ichihara 
et aL, 1969, 1973; Ellin et al., 1972; Bjorkhem, 1973) and yeasts 
(Tulloch et al*, 1962; Heinz ert al«, 1969; Jones, 1968; Duppel et ah,
1973). Bacterial w-oxidation and (oo-l) hydroxylation have also been 
reported by Kusunose et ah, (1964, 1964a) and Peterson and Coon (1968), 
while the work of Kolattukudy (1969) suggests that higher plants are 
capable of > -oxidation of fatty acids during the biosynthesis of 
cutin (Kolattukudy, 1965, 1970, 1972; Kolattukudy et al*, 1971; Walton 
and Kolattukudy, 1972; Purdy and Kolattukudy, 1973).
The liver microsomal enzyme system which catalyses the 
a)-hydroxylation of fatty acids (Lu and Coon, 1968; Coon and Lu, 1969;
Lu et al^  1969a)has been obtained in a soluble form and resolved into 
three fractions, namely: cytochrome P-450; NADPH2-cytochrome P-450 
reductase; a heat-stable component identified as phosphatidylcholine 
(Strobel et ah, 1970). The reconstituted enzyme system was found to 
catalyze not only the w-hydroxylation of fatty acids but also 
demethylation of drugs (Lu et ah, 1970). A soluble hydroxylating 
system has been obtained from Bacillus megaterium (Miura and Fulco
1974) which is similar, in certain respects to the w-hydroxylating 
system described above but has the special feature that the major 
product is the (to-2) -hydroxy fatty acid without any detectable 
w-hydroxy isomer. 1
The microsomal w-hydroxy 1 at ion system of fatty acids in rat 
liver requires NADPH2 and 02, and is inhibited by CO, suggesting 
the participation of cytochrome P-450 in the reaction. However (0.1M) 
neutral salts (LiBr, Li2S04, NaBr, KCL) strongly stimulate the 
reaction whereas neither SKF 525A nor tert-butyl isocyanide have any 
significant effect (Ichihara et al*, 1969). Preparations from kidney 
cortex also have the ability to hydroxylate medium chain fatty acids 
(Ellin et aL, 1972) with NADH2 being able to maintain about half the 
activity achieved by NADPH2 for a limited time. NADPH2 and NADH2 may 
both be required for full activity, there is some evidence of 
synergism between these two electron-donors. In the jo-hydroxylation 
enzyme system of Pseudomonas oleovorans, however, there is an 
absolute requirement for NADH2 which cannot be replaced by NADPH2.
This system also has three important protein components: rubredoxin 
(non-haem-iron sulphur protein); rubredoxin reductase and the 
(o-hydroxylase (May and Abbott, 1973).
The study of the oxidation of fatty acids by mesocarp tissue of 
avocado pear was prompted by the high lipid content of the fruit. It 
was further anticipated that such a study might elucidate the role of 
cytochrome P-450 in the fruit and other higher plants.
Oxidation of [1-1^ C]Laurie acid (dodecanoic) by rat liver and avocado 
pear mesocarp tissues
a) Subcellular distribution
The ready availability of [l-ll*C]lauric acid, together with 
techniques for separating it from possible metabolites resulted in this 
saturated C12 fatty acid being chosen as the model compound.
The oxidative activity was investigated in fractions of rat liver, 
avocado pear mesocarp and aetiolated pea seedlings. Following 
homogenisation of these tissues, the nuclear, mitochondrial, lysosomal, 
microsomal and soluble fractions for rat liver were collected. The 
corresponding fractions from avocado pear and pea seedling homogenates 
were also obtained. Each fraction was diluted to the required protein 
concentration (normally 1 mg of protein/ml) . Incubation of tissue 
with [l-llfC] lauric acid was carried out according to the procedures 
described in Materials and Methods (page 75). The unchanged lauric 
acid was isolated by elution with benzene-ether (9:1 v/v) from a 
silicic acid column. Further elution with benzene-ether (1:1 V/v) V
brought off metabolites (Lu et aL, 1969 a) . The elution patterns for 
[l-ltfC]lauric acid and its metabolites produced by liver fractions are 
shown in Fig. 68, p. 192 and for mesocarp fractions in Fig. 69, p. 193. 
The pea seedling and cotyledon preparations produced elution 
patterns with only one significant peak, corresponding to that of 
unchanged [l-1^ C]lauric acid (fraction 3).
The silicic acid chromatography of lipid extracts from the 
incubation mixtures containing [l-li+C] lauric acid revealed the presence 
of both unchanged substrate and possibly hydroxylated metabolites.
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Fig. 68 Chromatography of the oxidation of [I-1 ^.Cjlauric acid by 
rat liver subcellular fraction
Benzene/Ether (9:1 V/v) Benzene/Ether (1:1 -v/v)
0 2 4 6 8 10 12
Fraction Number
•-— -- « Nuclear fraction
A— -— -A Mitochondrial fraction
O— -— o Lysosomal fraction
■ A— - A Microsomal fraction
■ --■ Soluble fraction
Fig. 69 Chromatography of the oxidation of [l-ltfC] Laurie acid by avocado
pearmesocarp subcellular fractions
vBenzene/Ether (9:1 /v) Benzene/Ether (l.:lv/v)
Fraction Number
• ------ •  600g pellet
a——-a 4,000g pellet
o— o 10,00Og pellet
±— —*  105,000g pellet
— ■ 105,000g supernatant
The levels of metabolism are expressed as a percentage of the incubated 
substrate, as the exact nature of the metabolites formed is not known. 
Activity was observed in the nuclear, lysosomal and microsomal fractions 
from rat liver, with trace amount in the mitochondrial and soluble 
fractions (Table 34) . The subcellular distribution in rat liver showed 
that the microsomal fraction was the most active, with the nuclear and 
lysosomal fractions also having significant activity, but whether the 
activity in the latter fractions was inherent or merely due to contamination 
by microsomes remains to be established. Only the 105,000g x 60 min pellet 
and supernatant fractions from avocado mesocarp produced measurable levels 
of activity.
Table 34
The metabolism of [l-llfC]-laiiric acid by subcellular fractions 
obtained from rat liver and avocado mesocarp tissues
f1-1^ C] Laurie acid metabolism
Rat Liver Avocado Mesocarp
Fraction
%
Unchanged
Substrate
00
Conversion
of
Substrate
ITotal 
Recovery 
From 12 
Fractions
%
Unchanged
Substrate
Conversio]
of
Substrate
% Total 
l Recovery 
From 12 
Fractions
600g Pellet 82.0 9.4 97.4 80.0 <1.0 94.0
4000g Pellet 84.0 3.4 93.4 89.2 <1.0 97.2
10,000g Pellet 73.6 13.4 93.0 88.5 <1.0 95.5
105,000g Pellet 64.8 26.0 96.8 85.5 5.2 94.7
105,000g Supematanl: 87.0 1.0 94.0 86.0 3.5 98.0
The results are the means from four determinations
100% = 125,000 d.p.m. in the 0.4 ymol [l-14C]-lauric acid substrate
b) Nucleotide requirement
The oxidation of [1-1 ^C]lauric acid by hepatic microsomal 
fractions showed an absolute requirement for NADPH2, whereas the 
omission of an NADH2 generating system caused only a small loss 
in activity. The oxidation of [1-1 4 C]-lauric acid by mesocarp
+  -4*
fractions showed a requirement for reduced NADP and reduced NAD 
but no clear distinction between them (Table 35).
Table 35 Nucleotide requirement for the oxidation of [l-ltfC] -Lauric acid
by liver and avocado mesocarp
% Conversion of [I-1 4 C]-lauric acid
System Rat Liver Avocado Mesocarp
Microsomal 105,000gx60min
Pellet
105,000gx60min 
Supernatant
Complete 28.0 ± 3.5 6.1 ± 1.5 4.6 ± 0.9
NAD+ omitted 25.0 ± 1.9 4.0 ± 1.0 2 . 1  ± 0.3
NADP+ omitted 1 . 1  ± 0 . 2 2.5 ± 0.8 1.7 ±0.5
NAB+ and NADP+ omitted <1 . 0 <1 . 0 <1 . 0
The results are the means of five determinations ± S.E.M.
100% = 125,000 d.p.m. in the 0.4 ymol [l-1 ^C]-lauric acid substrate
NADH2 generated by a lactate dehydrogenase system
NADPH2 generated by a glucose-6 -phosphate dehydrogenase system
c) Effect of Carbon Monoxide
Approximately defined gas mixtures were set up by passing 02,
N2 and CO through standard-bore tubing into water-pots and, after 
appropriately adjusting the relative bubble-rates the three outflow 
tubes were connected to a mixing chamber fitted with a magnetic 
stirrer. The gas mixture was then bubbled through the complete 
incubation mixture for 15 minutes in an ice-bath, followed by 30 
minutes at 37°C with continuous flushing. In the presence of hepatic 
microsomal fractions the yield of 1 C^-labelled metabolites was 
reduced by 80% in an atmosphere of C0:02 (1:1 V/v), but only by 10% 
with N2 :02 (1:1 v/v). The avocado mesocarp fraction showed no 
measurable conversion of lauric acid in the CO:0 2 (1:1 v/v) mixture 
(Table 36).
Table 36 Incubation atmosphere and the oxidation of [l-1 ^C]-Lauric acid
Atmosphere
% Conversion of [1-11+C]Lauric Acid
Rat
Liver
Microsomal
Avocado mesocarp
105,000gx60min 
Pellet
105,000gx60min 
Supernatant
0 2
C0:02 (1:1 v/v> 
N2 :02 (1:1 v/v)
N2
27.0 ± 2.9
5.4 ± 3.0
24.0 ±0.5
. 10.1 t 4.9
5.0 ±0.5
4.0 ± 0.2
2.1 ±0.5
3.7 ± 1.0
2.9 ± 0.4 
1 . 0  ± 0 . 2
Means of five determinations ± S.E.M.
100% = 125,000 d.p.m. in the 0.4 ymol [l-ll*C]-lauric acid substrate
d) Inhibition Studies
The in vitro addition of a,a-bipyridyl affected all the fractions 
studied, whereas SKF 525A markedly reduced the yield of ll+C-labelled 
metabolites following the oxidation of [l-llfC]-lauric acid by 
mesocarp fractions but not by microsomal fractions from rat liver.
The addition of KCN (lQmM) caused hardly any inhibition, ivhereas 
exposure of the fractions to a temperature of 60°C for 15 min. 
resulted in a marked loss of metabolism (Table 37).
Table 37 Inhibition studies on Lauric acid Oxidation
Pretreatment
% Conversion of fl-1 C^] Lauric Acid
Rat 
Liver 
Microsomes
Avocado Pear Mesocarp
105,000g
Pellet
105,000g 
Supernatant
None 29.4 ±3.0 5.8 ± 1.0 4.1 ±0.5
a,cr-Bipyridyl (ImM) 11.8 ± 2.9 0 . 8  ± 0 . 2 0.4 ± 0 . 1
KCN (10 mM) 24.1 ±1.2 5.2 ± 0.4 3.5 ± 0.3
SKF 525A (1 mM) 25.6+1.0 0 . 6  ± 0 . 1 0.3 ±0.1
15 min at 60°C 1.4 ±0.6 0.5 ± 0.3 0.4 ±0.1
Results are the means of five determinations ± S.E.M.
100% = 125,000 d.p.m. in the 0.4 ymol [l-lifC] lauric acid substrate
d) ITic effect of pretreatment
Liver microsomes prepared from rats which had ingested either 
phenobarbital or 2 0 -methylcholanthrene have been shown to have 
increased amounts of the components of the electron transport 
system involving cytochrome P-450 (Table 6 , p. 101). However 
pretreatment with these agents led to a slight decrease in the 
level of [1-1 4 C]lauric acid oxidation by microsomal fractions 
from rat liver. Pretreatment of avocado pears (see page 
with phenobarbital or 2,4,dichlorophenoxyacetic acid failed to cause 
significant changes in the level of [1-1 4 C]lauric acid metabolism (Table 38).
Table 38 Effect of pretreatment on the oxidation of [l- 1 **€] -Lauric acid
Pretreatment
% Conversion of [1-11+C] Lauric acid
Rat Liver Avocado Pear Mesocarp
Microsomes 105,000g 
Pellet
105,000g 
Supernatant
None 26.0 ±3.0 5.9 ± 1.0 4.0 ±0.5
2,4-Dichlorophenoxyacetic acid * 4.6 ±1.0 2 . 0  ± 1 . 0
20-Methylcholanthrene 24.7 ± 1.5 * *
Phenobarbital 2 2 . 8  ± 1 . 2 3.5 ±0.5 2.8 ± 0.7
* No results obtained
Groups of three animals or three fruits were used for each study and the 
results are expressed as means ± S.E.M. (n = 5). Details of pretreatment are 
given on page 71.
100% = 125,000 d.p.m. in the 0.4 ymol [l-llfC]lauric acid substrate
f) Summary
The majority of the results are expressed as the percentage 
conversion of [1-1 4 C]lauric acid to 1 4 C-labelled metabolites. The 
reason being that the components that make up the second peak have 
yet to be identified. It is hoped that identification may be 
achieved by further chromatography and concentration of products 
for mass spectra and NMR studies. It would then be possible to 
comment on the mode of oxidation (i.e. whether it be r  or u-n).
Initial identification studies involving reverse phase partition 
chromatography failed (page 74).
Harwood and Stumpf (1971 and 1971a) showed that when fatty acids 
(C8 -C12) were incubated with the 105,000g x 60 min supernatant from 
avocado pear mesocarp tissue, under the conditions used for fatty acid 
synthesis, the 8 -hydroxy acid was the major metabolite, there being no 
evidence of a- or co-hydroxylation. Clearly, identification of 
metabolite structure must be achieved before much can be made of 
these results.
Cofactor requirements show that the hepatic system is dependent 
on NADPH2 acting as the electron donor for the hydroxylation of 
[l-1^C]lauric acid while the plant system requires both NADH2 and 
NADPH2. Similar findings have been observed in kidney cortex 
preparations (Ellin et aL, 1972). Strong inhibition of the oxidation 
of lauric acid has been observed in the presence of oxidised cytochrome 
c and antibodies to NADPH2-cytochrome c reductase, indicating an 
important role for this reductase in the w-hydroxylation of the fatty 
acids (Strobel et aL, 1970; Masters et al., 1971a; Orrenius et al., 1971) 
The presence of a NADPH2-cytochrome c reductase in avocado pear 
fractions will be discussed later (page 227).
Carbon monoxide was found to inhibit the oxidation of 
[l-ll+C]lauric acid in all fractions tested, whereas SKF 525 A only 
inhibited mesocarp fractions.
Harwood and Stumpf's studies on an avocado pear fatty acid 
oxidation system showed a requirement for CoA, ATP, acyl-carrier 
protein and 02; and was inhibited by CO, NADH2, malonyl-CoA, and 
a,a'-bipyridyl suggesting the involvement of heavy-metal ions 
(Fe2+ or Mn2+).
Phenobarbital pretreatment, which increases the content of 
cytochrome P-450 in liver microsomes was found to decrease lauric 
acid metabolism, therefore it is possible that the cytochrome P-450 
induced by phenobarbital pretreatment may be different from that 
involved in w-oxidation. Bjbrkhem and Danielsson (1970) reported 
that microsomes catalyze the hydroxylation of a number of fatty 
acids in both the w- and (w-l) positions and that only the rate of ' 
formation of the latter was increased after phenobarbital 
pretreatment of the animals. In the kidney cortex system it has been 
suggested that two different enzymes are involved in the w- and 
(to-1)-hydroxylation reactions (Ellin et aL, 1972).
These initial studies appear to endorse the work already carried 
out on hepatic tissues and suggests that mesocarp fractions also have 
the ability to metabolise [1-1 4 C]-lauric acid, but until the products 
have been identified the mechanism of this oxidation cannot be 
discussed.
D. The metabolism of [2-ltfC]-cinnamic acid
Introduction
Cinnamic acid 4-hydroxylase is the second enzyme in 
the pathway of the biosynthesis of phenolic compounds from 
phenylalanine (Fig. 10, p. 33) .The enzyme requires 02 and NADPH2 for 
activity, NADH2 is inactive. Enzymic activity is associated with the 
’microsomalV fraction, and the enzyme requires 2 -mercaptoethanol for 
maintenance of integrity. This requirement is rather specific being 
not satisfied by reduced glutathione, ascorbic acid, dithiothreitol, 
or cysteine. Optimum activity was found to occur at pH 7.5, and the 
enzyme appeared, to be specific for cinnamic acid. The reaction ^ trs also 
found to be inhibited by CO, and this inhibition could be reversed by 
light at 450nm (Russell, 1971).
The intracellular localization and the requirement for NADPH2  
and 0 2 classify this enzyme as a 'microsomal’ mixed function oxidase 
or monooxygenase. The CO inhibition and its reversal by light suggests 
participation of a P-450 type of cytochrome in the hydroxylation 
reaction. The reaction was also found to be dependent on ’microsomal’ 
phospholipid for maximum activity (Buche and Sandennan, 1973).
In regard to the mechanism of the reaction, it has been shown 
(Russell et al*, 1968) that when [4-3H]-cinnamic acid is used as the 
substrate, as much as 93% of the tritium label is retained in the 
meta position in the hydroxylated product (NIH shift). The extent 
of migration and retention of tritium thus indicates that the mechanism 
is similar to that proposed for those aromatic hydroxylases from 
animal sources where similar tritium migration and retention values
have been obtained (Guroff et ah; 1967; Reed et aL, 1973).
These results all point to the involvement of a cytochrome 
P-450 system. The work of Russell (1971) on Pisum sativum 
seedlings was repeated and extended to consider Persea americana 
mesocarp tissue.
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a) Subcellular Distribution
The assay for cinnamic 4-hydroxylase was carried as described 
in Materials and Methods (page 75) and the products tentatively 
identified by paper chromatography (page 7 5 ) .The Re values for 
caffeic acid, trans-cinnamic acid and p-coumaric acid were found 
to be 0.04, 0.88, and 0.26 respectively in the defined solvent 
system, values in agreement with those of Luckner (1972) and Potts 
et aL, (1974). Cell fractions studied have shown that enzyme 
activity was confined to the 105,000g x 60 min pellet fraction from 
aetiolated pea seedlings and to the 105,000g x 60 min pellet and 
supernatant fractions from avocado pear mesocarp tissue (Table 39, p. 204). 
The relative specific activities plotted against the % protein in 
each fraction for avocado pear are shown in Fig. 70, p. 204.
In the avocado pear preparations there was evidence for the 
production of caffeic acid in the 105,000g x 60 min supernatant 
with a small amount of activity in the 105,000g x 60 min pellet 
(11.7 ± 3.9 and 1.0 ±0.4 nmol/h/g fresh wt respectively). The 
production of caffeic acids results from the further hydroxylation 
of 4-hydroxy-cinnamic acid by a phenolase (Fig. 1 0 , p. 33). 
which is thought to be a soluble enzyme.
b) Cofactor Requirements
When the 105,000g x 60 min fraction from mesocarp tissue were 
studied maximum activity was found to occur in the presence of an 
NADPH2 generating system and 2 -mercaptoethanol, increasing the 
concentration of the latter resulted in inhibition (Table 40, p. 205).
It has been suggested that the 2-mercaptoethanol functions by 
maintaining certain groups on the enzyme complex in the reduced
Table 39 Distribution of cinnamic 4-hydroxylase activity in pea
seedlings and avocado mesocarp fractions.
Subcellular Fraction
4-1 lydroxycinn 
produced nmol
amic acid 
/h/g fresh wt.
*Spccific
Activity
Aetiolated 
Pea Seedling
Avocado
Mesocarp
Avocado
Mesocarp
Homogenate 41.6 +4.7 13.0 +4.0 0.47
600 g x 1 0  min pellet <1 . 0 <1 . 0 -
4,000 g x 10 min pellet 2.9 +0.4 <1 . 0 -
1 0 , 0 0 0  g x 2 0  min pellet <1 . 0 <1 . 0 - •
105,000 g x 60 min pellet 42.3 + 1.5 13.9 + 3.4 17.40
105,000 g x 60 min
*”s upemat ant <1 . 0 4.7 +2.9 0.40
* nmol of 4-hydroxycinnamic acid produced/h/mg of protein 
(The results are the means of five determinations _+ S.E.M.)
Fig. 70 Distribution of cinnamic 4-hydroxylase in avocado
mesocarp fractions
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Table 40 NADPH? and 2-mercaptoethanol requirements of
cinnamic 4-hydroxylase found in avocado
mesocarp fractions
4-hydroxycinnamic acid produced/h/g 
fresh weight
Reaction Mixture Avocado Mesocam
105,000g x 60 min 
pellet
105,000g x 60 min 
supernatant
0.3 mM 2-mercaptoethanol-only * *
NADPH2 generating system only 2 . 2  ± 0 . 2 0.8 ± 0.3
NADPH2 generating system plus 
0.3 mM 2-mercaptoethanol 10.5 ± 2.7 2 . 0  i 0.5
NADPH2 generating system plus 
3 mM 2-mercaptoethanol 3.1 ± 1.0 *
NADH2 generating system only * *
NADH2 generating system plus
0.3 mM 2-mercaptoethanol * *
NADPH2 + NADH2 generating systems
only 2.0 ± 0.4 0 . 6  ± 0.3
NADPH2 + NATH2 generating systems 
plus 0.3 mM 2-mercaptoethanol 11.3 ± 3.0 2.9 ± 1.6
* No activity. Results are the means of five determinations ± S.E.M.
state. These are necessary for enzymic integrity but do not 
themselves participate directly in the reaction mechanism 
carried out by microsomal fractions from pea seedlings, the NADPH2  
satisfying the reducing requirement for the reaction (Russell, 1971).
A similar pattern was observed with avocado mesocarp fractions with 
neither 2 -mercaptoethanol nor a NADH2 generating system able to 
support the reaction in the absence of a NADPH2 generating system 
(Table 40, p. 205).
c) Inhibition Studies
The cinnamic 4-hydroxylase activity of the 105,000g x 60 min 
pellet fraction of avocado mesocarp tissue was found to be partially inhibited 
by CO, SKF 525 A, sodium azide and a,af-bipyridyl, whereas, potassium 
cyanide had no effect (Table 41, p. 207). Only CO flushing caused 
a significant decrease in the hydroxylase activity associated with 
the 105,000g x 60 min supernatant; following a 15 min flushing with 
C02 :02 (1:1 V/v) before the incubation, a 40% reduction in activity 
was observed (SKF 525 A, sodium azide and a,a'-bipyridyl had no 
inhibitory action on the supernatant). The inhibition studies 
involving the 105,000g x 60 min pellet fraction, like those carried 
out on pea seedlings indicate the possible involvement of a 'P-450' 
type cytochrome in the hydroxylation of cinnamic acid.
Table 41 The effect of inhibitors on cinnamic 4-hydroxylase activity
associated with the 105,000% x 60 min pellet fraction from 
avocado mesocarp tissue
Treatment % Activity
Control 100%
CO-flushing 20 ± 9
ctjC^ -Bipyridyl (1.0 mM) 80 ± 3
Potassium cyanide (1.0 mM) © 1 0 0  ± 2
SKF 525A (1.0 mM) 73 ± 7
Sodium azide (1.0 mM) 75 ± 2
The results are the means of five determinations ± S.E.M. 
d) Summary
Initial experiments indicate that avocado pear mesocarp 105,000g 
x 60 min subcellular fractions have the ability to hydroxylate 
[2-llfC]-trans-cinnamic acid to produce 4-hydroxy cinnamic acid. The 
results from the supernatant fraction (105,000g x 60 min) also indicate 
the presence of a soluble enzyme (phenolase) which further hydroxylates
4-hydroxy-cinnamic acid to caffeic acid. The levels of 4-hydroxylase 
activity were less than those found in pea seedlings grown in either 
the light (0.25 ymol of 4rhydroxy cinnamic acid /h/g fresh weight) 
or in the dark (0.059 ymol of 4-hydroxycinnamic acid/h/g fresh 
weight) (Russell, 1971), but more than the levels obtained form 
aetiolated parsley seedlings (Petroselinum crisoum) (2*2 nmol of 
4-hydroxy cinnamic acid/h/mg protein; BUche and Sanderman, 1973), 
or aetiolated sorghum seedlings (7.45 nmol of 4-hydroxy cinnamic 
acid/h/mg protein; Potts et al., 1974). The requirements for NADPH^ 
and 2-mercaptoethanol as well as CO inhibition indicate that 
similar mechanisms,possibly involving a cytochrome P-450 type 
complex,exist in at least four higher plants for the production of 
essential phenolics (Fig.10, p. 33).
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Identification of Subcellular Fractions
A. Marker Studies
Introduction
The marker for the nuclear fraction is usually DMA; for other 
organelles enzymes are used. Thus for mitochondria cytochrome 
oxidase or succinic dehydrogenase is chosen as an indicator of the 
presence of inner membrane (Singer, et ah, 1973; Oestreicher et aL, 
1973).
The separation of mitochondria and chloroplasts is difficult by 
differential centrifugation. The majority of chloroplasts lose their 
outer membranes, causing the release of stromal enzymes such as 
ribulose-diphosphate carboxylase and NADP+-glyceraldehyde-3-phosphate 
dehydrogenase. Thus these enzymes are mainly found in the supernatant 
fraction, although their true location is within intact chloroplasts 
as shown by non-aqueous fractionation techniques.
Acid phosphatase is used as a marker for lysosomes in animal 
cells (Wattiaux and DeDuve, 1956). The presence of lysosomes in
plant cells is still controversial. A light mitochondrial fraction 
from germinating onions was shown to contain acid phosphatase 
activity, which was released into the supernatant fraction after 
treatment of particles with 'Triton X-100' (Harrington and Aitschul, 
1963). Histochemical studies show that acid phosphatase is 
localized in both cell wall and cytoplasm (Atkinson and Polya, 1967). 
Nakano and Asahi (1972) studied germinating pea cotyledons and found
a bimodal distribution of acid phosphatase after sucrose density 
gradient separation. One peak was associated with the 
mitochondrial region, the other with the soluble phase. Three 
iso-enzymes with pH optimum of 4.9, 5.6 and 6.0 have been 
separated from pea cotyledons by gel filtration (Johnson et ad*,
1973). The two lower pH forms increase in activity during 
germination, the pH 6.0 form is associated with vascular tissue.
Yatsu and Jacks (1968) isolated aleurone grains (protein bodies) 
from ungeminated cotton seed cotyledons by differential 
centrifugation in glycerol. These aleurone grains contained 11% 
of the total acid phosphatase activity and a high percentage of 
protease activity. The autolytic properties of the aleurone 
grains tie in with their role in providing nutrients and possibly 
hormones for germination.
Baudhuin et aL,.,(1965) isolated a distinct class of organelles: 
the microbodies which contain uricase and catalase from rat liver. 
Density-gradient centrifugation facilitated the isolation of similar 
particles in plant tissues:- peroxisomes from spinach (Spinacia oleracea) 
leaves (Tolbert et ah, 1968) and glyoxysomes from castor bean (Ricinus 
communis) endosperm (Breidenbach and Beevers, 1967). The latter 
organelle contains the enzymes of the glyoxylate cycle e.g. 
isocitrate lyase and malate synthetase.
Although the reactions of fatty acid 3 -oxidation are known 
to occur in mitochondria in mammalian liver preparations, Cooper 
and Beevers (1969) showed that 80% of the particulate h-oxidation 
activity in castor bean was in the glyoxysomes and very little in 
the purified mitochondria. A supply of palmitoyl- CoA resulted in 
the accumulation of NADH2, the uptake of 02 and the formation of
acetyl CoA. The NA1)H2. is generated in glyoxysomes from both
the glyoxylate cycle and 3 -oxidation. Glyoxysomes have the
ability to transfer electrons from NADH2 to certain acceptors such 
as ferricyanide and dichlorophenol-indophenol although these could 
not be effective oxidants in vivo. This fraction was also found 
to contain a hydroxy-pyruvate/glyoxylate reductase which could 
transfer electrons from NADH2 to the appropriate acceptors, but 
the level of activity of the enzyme was not adequate to account for
the rate of NADH2 oxidation observed (Lord and Beevers, 1972). No
cytochromes have been detected in the carefully purified glyoxysome 
fraction.
Cytologically gloxysomes are less complex than mitochondria, 
nuclei or chloroplasts. The organelles have diameters ranging 
from 0.2 to 1.7 ym, and are bounded by a single unit membrane.
Within the single membrane there is a finely granular stroma 
Catalase activity is also associated with both the membrane 
(tightly bound form) and the matrix of the glyoxysomes isolated 
from mays scutella (bongo et aL, 1972) .
Microbodies bounded by a single membrane which were similar 
in appearance to the glyoxysomes were first observed in kidney and 
liver cells in 1954. These microbodies were shown to contain 
a-hydroxyacid oxidase and catalase and were subsequently termed 
peroxisomes.
Peroxisomes in green leaves are larger than those in most 
other tissues and often appear to be closely associated with the 
chloroplasts (Gruber et al., 1973). These organelles contain at least 
eight enzymes, the majority of which participate directly in the 
metabolism of glycollate - an important product of carbon dioxide
fixation in photosynthesis. Cata 1ase and g1yco11 ate ox i dase a re 
considered to be localised exclusively within the peroxisomes, 
and undergo significant changes in levels of activity when dark- 
grown leaves are placed in the light to turn green. Other 
enzymes include: NADH2-hydroxypyruvate reductase and NAD-malate 
dehydrogenase (Yamazaki and Tolbert, 1970; Richardson, 1974).
It has been suggested that a glycollate-glyoxylate 
shuttle may exist between the chloroplasts and the peroxisomes.
In this shuttle the glyoxylate produced by the oxidation of 
glycollate in the peroxisomes could return to the chloroplasts to 
be reduced again to glycollate in the light under the catalysis of 
glyoxylate reductase which is highly specific for NADPH2. This may 
provide a mechanism for the oxidation of any excess NADPH2 
produced during the light reaction of photosynthesis.
Nitrate and nitrite reductases were sedimented together with 
catalase containing peroxisomes from tobacco leaves (Lips and 
Avissar, 1972). Nitrate reductase appears to be located on the 
membrane of the microbodies and could easily be separated from it, 
without affecting the integrity of the organelle.
In liver and kidney but not muscle,glucose-6 -phosphatase is a 
marker enzyme for the endoplasmic reticulum and thus the microsomal 
fraction. However in plants this activity is found in the soluble 
fraction (Thompson, 1969). Inhibition studies on the soluble 
fraction from cotyledon tissue of black mustard (Brassica nigra) 
indicate that the observed hydrolysis of glucose-6 -phosphate was 
catalysed by an acid phosphatase (Lau and Lygre, 1973).
Microsomal fractions from higher plants have also been 
characterised by antimycin A insensitive NADH2 and NADPH2- 
cytochrome c reductases (Martin and Morton, 1956; Donaldson 
et al,.1972; Lord et al., 1973). NADH2-cytochrome c reductase 
activity has also been found in mitochondrial fractions, but this 
is inhibited by antimycin A. The situation is confused however 
in that there is evidence for a mitochondrial NADPH2-cytochrome c 
reductase which is sensitive to antimycin A but not fully 
inhibited by it. Further an antimycin A insensitive form has been 
demonstrated in soluble fractions; in peroxisomes from spinach 
leaves and in glyoxysomes isolated from sunflower cotyledons and 
castor bean endosperm (Donaldson et aL, 1972). Thus antimycin A- 
insensitive reductases are not specific microsomal markers but 
would seem to be the best approximation at present.
In reactions that involve the oxidation of drugs and steroids 
the necessary reducing equivalents for the reduction of 
cytochrome P-450 are supplied by NADPH2 via an electron transport 
system which includes the flavoprotein NADPH2-cytochrome c reductase 
(Hrycay and O'Brien, 1973; Masters et al., 1973). The utilization of 
immunological methods for selective enzyme inhibition has proved 
useful in establishing the participation of specific electron 
transport components in various microsomal oxidation reactions. 
Antibodies prepared to NADPH2-cytochrome c reductase were found to 
inhibit the w-hydroxylation of fatty acids (Wada et aL, 1968), 
haem oxygenase activity (Shacter et al>, 1972), the N-demethylation 
of aminopyrine and ethylmorphine (Glazer et al., 1971; Masters et al.,
1971); and aniline and benzo[a]pyrene hydroxylation (Glazer et al., 1971) 
in liver microsomes. There is also evidence that NADPH2-cytochrome c
reductase is involved in NADPH2-peroxidase activity associated with 
liver microsomes (Hrycay and O'Brien, 1973) and this is discussed 
more extensively in chapters 4 and 6 .
Thus identification of NADPH2-cytochrome c reductase activity is an 
important critericn in establishing cytochrome P-450 mediated reactions.
The endosperm from castor bean (Ricinus communis) has been used 
extensively in enzyme studies. The enzymes associated with the 
endoplasmic reticulum of castor bean include: phosphatidic acid 
phosphatase, CDP-diglyceride inositol transferase and 
phosphatidylethanolamine-L-serine phosphatidyl transferase (Moore 
et al-, 1973). Lord et aJU,(1973) also located the lecithin 
synthesising enzyme phosphorylcholine-glyceride transferase in the 
'microsomal' fraction from castor bean endosperm. It is to be 
expected that the avocado pear mesocarp endoplasmic reticulum will 
be similar to castor bean in that a major role is to synthesize 
phospholipids (i.e. both plants have a high fat content).
By using the knowledge obtained from marker enzyme and 
microscopic studies on rat liver it was hoped to determine the 
nature of subcellular fractions prepared from runner bean seedlings 
and avocado pear mesocarp tissue.
a) Studies on rat liver
The results obtained with rat liver fractions are shown in Tables 
42 to 47, pages 218 to 220 and Fig. 71, page 221. The specific 
activities of succinate dehydrogenase, acid phosphatase and glucose- 
6 -phosphatase compare reasonably with other workers (Prospero et al«, 
1973). The results obtained with DNA and RNA justify their inclusion 
as markers for nuclear and microsomal fractions respectively during the 
studies on higher plants.
b) Studies on aetiolated bean seedlings
The results obtained are shown in Tables 48 to 53 , pages 222 to 
224 and Fig. 72, page 225. The high percentage of protein in the 60Og 
x 1 0 min pellet fraction indicates that complete disruption of the plant 
cell had not been achieved.
Succinate dehydrogenase was found not to be a distinct marker for 
the 4,000g x 10 min pellet fractions (crude mitochondrial fraction) ias 
similar specific activities were also found in the 1 0 ,0 0 0 g x 2 0  min pellet 
and the 105,000g x 60 min pellet fractions (Table 49, page 222).
Glucose 6 -phosphatase was distributed mainly between cellular debri 
fraction and the 105,000g x 60 min supernatant fraction (Table 51, page 
223). The 41%recovery in the soluble fraction and the relative specific 
activities (Fig. 72, page 225) agree closely with the work by Thompson 
(1969) on Phaseolus vulcraris cotyledon tissue. The distribution of 
glucose-6 -phosphatase was similar to that of p-glycerophosphatase 
(Table 50, page 223) thus it is possible
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Table 42 Distribution of protein rat liver fractions
Fraction mg protein/g fresh wt. % Recovery
Homogenate 168 1 0 0
Nuclear 28 16.5
Mitochondrial 29 17.3
Lysosomal 14 8.3
Microsomal 29 1.7.5
Supernatant 67 40.0
Total recovery was 99.6% (mean from four determinations)
Table 4-3 Distribution of succinate dehydrogenase in rat liver fractions
Fraction *Activity
■ ■
% Recovery **Specific Activity
Homogenate 3315 1 0 0 19.8
Nuclear 500 15.4 17.8
Mitochondrial 1800 54.0 62.0
Lysosomal 235 7.1 16.8
Microsomal 275 8.3 9.4
Supernatant 1 0 0 3.0 1.5
! .... - ......-
Total recovery was 87.8% (mean of four determinations)
* nmoles INT reduced/min/g fresh wt.
** nmoles INT reduced/min/mg of protein
INT = 2 -(p-iodophenyl)-3 -(p-nitrophenyl)-5 -phenyltetrazolium chloride.
Table 44 Distribution of ftcid 0hosphatase from rat liver fractions 
 _____________ffreeze-thaw treatment)     .
Fraction *Activity % Recovery **Specific Activity
Homogenate 6245 1 0 0 37.2
Nuclear 381 6 13.6
Mitochondrial 937 15 52.3
L/sosomal 2759 44 197.1
Microsomal 1062 17 36.6
Supernatant 749 1 2 1 1 . 2
Total recover/ was 94V (mean from four determinations)
Table As’ Distribution of glucose-6 -phosphatase in rat liver fractions
Fraction *Activity % Recover/ **Specific Activity
Homogenate 4700 1 0 0 28.0
Nuclear 395 8.4 14.1
Mitochondrial 197 4.2 6 . 8
L/sosomal 409 8.7 29.2
Microsomal 2914 62.0 100.5
Supernatant 52 1 . 1 0 . 8
Total recover/ was 84.4% (mean from four determinations)
* ng atoms of phosphorus, produced/min/g fresh wt.
** ng atoms of phosphorus produced/min/mg of protein
Table 46-, Distribution of DNA in rat liver fractions
Fractions mg/g fresh wt. % Recovery mg/mg protein
Homogenate 3.2 1 0 0 0 . 0 2 0
Nuclear 2 . 8 87.5 0 . 1 0 0
Mitochondrial 0 . 2 4.7 0.005
Lysosomal 0 . 1 3.1 0.007
Microsomal 0 . 1 3.1 0.003
Supernatant 0.04 0 .! -
Total recovery was 98.5% (mean from four determinations)
Table 47 Distribution of RNA in rat liver fractions
Fraction mg/g fresh wt % Recovery mg/mg protein
Homogenate 7.2 1 0 0 0.043
Nuclear 0.9 12.5 0.032
Mitochondrial 0.4 5.6 0.014
Lysosomal 0.5 7.0 0.037
Microsomal 3.9 54.0 0.133
Supernatant 1 . 6 2 2 . 2 0.024
Total recovery was 101.3% (mean from four determinations)
Fig.''71' Distribution studies in rat liver fractions
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Table 48 Distribution of protein in aetiolated bean
seedling fractions
Fraction mg/g fresh wt % Recovery
Homogenate 40.8 1 0 0
600g x 1 0  min pellet 11.5 28
4000g x 10 min pellet 2 . 0 4.9
1 0 ,0 0 0 g x 2 0  min pellet 1.5 3.8
105,000g x 60 min pellet 2 . 0 4.9
105,000g x 60 min supernatant 2 2 . 0 53.5
Total recovery was 95% (mean from four determinations)
Table 49 Distribution of Succinate dehydrogenase in
aetiolated bean seedling fractions
Fraction *Activity % Recovery **Specific Activity
Homogenate 30.2 1 0 0 0.74
600g x 1 0  min pellet 1 2 . 6 41.6 . 1.09
4000g x 10 min pellet 6 . 1 2 0 . 2 3.05
1 0 ,0 0 0 g x 2 0  min pellet 3.7 12.3 2.46
105,000g x 60 min pellet 4.8 15.9 2.40
105,000g x 60 min supernatant
rp . T ----- ---- ri/r a 'V... ...  ■
1 . 8
L ------________ - r j
6 . 0 0.08
* nmol INT reduced/min/g fresh wt
** nmol INT reduced/min/mg protein
INT = 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride
Tabic 50 Distribution- of total g- glycerophosphatase in
aetiolated bean seedling fractions
Fraction % Activity % Recovery **Specific Activity
Homogenate 489.3 100 1 2 . 0
600g x 1 0  min pellet 241.4 49 2 1 . 0
4000g x 10 min pellet 31.4 6 ■ 1.5. 7
1 0 ,Q0 0 g x 2 0  min pellet 25.1 5 16.7
105,000g x 60 min pellet 29.4 6 14.7
105,000g x 60 min supernatant 2 0 0 . 0 41 9.1
Total recovery was 107V (mean of four determinations)
Table 51 Distribution of glucose-6 -phosphatase in
aetiolated bean seedling fractions
Fraction *Activity % Recovery
-----------------------------------------------------------------------------------. . . . . . .
*Specific Activity
Homogenate 2 0 0 1 0 0 4.9
600g x 1 0  min pellet 104.5 52.2 9.1
4,000g x 10 min pellet 7.0 3.5 3.5
1 0 ,0 0 0 g x 2 0  min pellet 4.0 2 . 0 2.7
105,000g x 60 min pellet 6 . 0 3.0 3.0
105,000g x 60 min supernatant 70.0 35.0 3.2
Total recovery was 95.7% (mean of four determinations)
* ng-atoms of phosphorus produced/min/g fresh wt 
** ng-atoms of phosphorus produced/min/mg of protein
Table 52 Distribution of DNA in aetiolated bean
seedling fractions
Fraction mg/g fresh wt % Recovery yg/mg protein
Homogenate 2 1 1 1 0 0 5.3
600g x 1 0  min pellet 96 45.2 8.3
4000g x 10 min pellet 18 8 . 6 9.0
1 0 ,0 0 0 g x 2 0  min pellet 8 3.8 5.3
105,000g x 60 min pellet 30.5 14.5 15.3
105,000g x 60 min supernatant 75.0 35.0 3.4
Total recovery was 107% (mean of four determinations)
Table 53 Distribution of RNA in aetiolated bean
seedling fractions
Fraction • mg/g fresh wt % Recovery yg/mg protein
Homogenate 1250 1 0 0 30.6
600g x 1 0  min pellet 1 1 0 8 . 8 9.6
4 ,0 0 0 g x 1 0  min pellet 155 12.4 77.5
lOyOOOg x 20 min pellet 1 1 0 8 . 8 73.5
105,000g x 60 min pellet 250 2 0 . 0 125.0
105,000g x 60 min supernatant 705 56.5 32.0
Total recovery was 106% (mean of four determinations)
Fig. 72 Distribution studies in aetiolated bean seedling fractions
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that the glucose-6 -phospbnte was hydrolysed by a less specific 
acid phosphatase (Brightwell and Tappel, 1968; Lau and Lygre,
1973). 3 -Glycerophosphatase in its free or bound form did not 
appear to be associated with any particular fraction.
DNA was found mainly in the 600g x 10 min pellet fraction 
(Table 52, p. 224; Fig. 72, p. 225) . although a large 
percentage was recovered in the 105,000g x 60 min supernatant.
A large proportion of RNA was also found in this fraction and 
this may have been due to free ribosomes, or to t-RNA which is 
usually present in high concentrations in rapidly developing 
seedlings. The highest level per unit protein was found in the 
105,000g x 60 min pellet fraction.
These preliminary results indicate the methodological 
problems of differential centrifugation of plant material. It 
would seem that at least two cell populations occur in bean 
seedlings, one of which is refractory to the homogenisation 
procedure used staying as intact cells and chumps of cell; the other 
is highly labile especially in teims of the nuclear envelope, thus 
DNA is liberated to appear in the cytosol.
c) Studies on avocado pear mesocarp tissue
The results are shown in Tables 54 to 59; pages 228 to 230.
The high percentage of protein in the 600g x 10 min pellet fraction 
indicates the presence of undisrupted cells. Succinate dehydrogenase 
appeared to be mainly associated with the 4,000g x 10 min pellet 
fraction (Fig. 73, p. 231) which probably represents a crude 
mitochondrial fraction, however only 64.9% of the activity was
227.
recovered.
Glucose-6 -phosphatase activity was mainly recovered in the 
105,000g x 60 min supernatant fraction (Table 57, p. 229) 
however the highest specific activity was obtained with the 
105,000g x 60 min pellet (Fig. 73, p. 231) once again the 
recovery was low (48.5%). 3 -Glycerophosphatase was found to be 
located mainly in the 105,000g x 60 min supernatant (Table 56, p. 229).
The distribution of DNA. (Table 58, p. 230) and RNA (Table 59, p. 230) 
in the mesocaip fractions was not clear cut, although a significant 
amoynt of DNA was found in the 600g x 10 min pellet fraction (crude 
nuclear fraction) (Fig. 73, p. 231) with a large proportion of
RNA being found in the 105,000g x 60 min supernatant fraction 
(Table 59, p. 230).
NADH2 and NADPH2-cytochrome c reductase activities were 
observed only in the 105,000g x 60 min pellet fraction. The levels 
obtained were 8 . 0  nmoles of cytochrome c reduced/min/mg of protein 
and 1.7 nmoles of cytochrome c reduced/min/mg of protein for 
NADPH2-cytochrome c reductase and NADH2-cytochrome c reductase 
respectively. These activities were unaffected by (2 yM) antimycin
A. Reductase activity was not detected in the crude mitochondrial 
fraction, although other workers have reported the presence of both 
antimycin A sensitive and insensitive reductases in other plant 
tissues (Donaldson et ah, 1972- Lord et aL, 1973).
Table 54 Distribution of protein in the avocado pear
mesocarp fractions
Fraction mg/g fresh wt. % Recovery
Homogenate 27.7 1 0 0
600g x 1 0  min pellet 8.7 31.2
4 ,0 0 0 g x 1 0  min pellet 1.9 6.9
1 0 ,0 0 0 g x 2 0  min pellet 1.3 4.6
105,000g x 60 min pellet 0 . 8 2.9
105,000g x 60 min supernatant 1 1 . 8 43.0
Total recoveiy was 89.3% (mean from four determinations)
Table 55 Distribution of guccinate dehydrogenase in 
avocado pear nesocarp fractions
Fraction ^Activity % Recovery **Specific Activity
Homogenate 10.5 1 0 0 0.38
600g x 1 0  min pellet 2.5 24.9 0.29
4 ,0 0 0 g x 1 0  min pellet 3.1 29.5 1.64
1 0 ,0 0 0 g x 2 0  min pellet 0.4 3.8 0.03
105,000g x 60 min pellet 0.5 4.8 0.63
105,000g x 60 min supernatant 0 . 2 1.9 0 ; 0 2
Total recovery was 64.9% (mean of four determinations)
*nmol INT reduced/min/g
**nmo3 INT reduced/min/mg/protein
INT = 2- (p-iodophenyl)-3- (p-nitrophenyl)-5-phenyltetrazolium chloride
Table 56 Distribution of total B-glycerophosphatase in
avocado pear mesocarp fractions
Fraction : *Activity % Recovery * *Specific Activity
Homogenate 500 1 0 0 18.1
600g x 1 0  min pellet 44.1 8 . 8 5.4
4,000g x 10 min pellet 28.3 5.7 14.9
1 0 ,0 0 0 g x 2 0  min pellet 12.9 2 . 6 9.9
105,000g x 60 min pellet 17.9 - 3.6 22.4
105,000g x 60 min supernatant 269.0 53.8 2 2 . 8
Total recovery was 75% (mean of four determinations)
Table 57 Distribution of glucose-6 -phosphatase in
avocado pear mesocarp fraction
Fraction ^Activity % Recovery **Specific Activity
Homogenate 24.6 1 0 0 0.89
600g x 1 0  min pellet 0 . 6 2.4 0.07
4,000g x 10 min pellet 0.5 2 . 0 0.26
1 0 ,0 0 0 g x 2 0  min pellet 0 . 6 2.4 0.46
105,000g x 60 min pellet 1.7 6.9 2.13
105,000g x 60 min supernatant 8.5 34.8 0.72
Total recovery was 48.5% (mean of four determinations)
* ng-atoms of phosphorus produced/min/g fresh wt.
** ng-atoms of phosphorus produced/min/mg of protein
Table 58 Distribution of DNA in avocado pear
mesocarp fractions
Fraction yg/g fresh wt % Recovery yg/mg protein
Homogenate 198 1 0 0 7.3.
600g x 1 0  min pellet 91 46.0 10.5
4,000g x 10 min pellet 15 7.9 7.9
1 0 ,0 0 0 g x 2 0  min pellet 15 7.9 11. 5
105,Q00g x 60 min pellet 5 2.5 6.3
105,000g x 60 min supernatant 37 18.7 3.1
Total recovery was 83% (mean of four determinations)
Table 59 Distribution of RNA in avocado pear
mesocarp fractions
Fraction yg/g/fresh wt % Recovery yg/mg protein
Homogenate 3056 1 0 0 1 1 0
600g x 1 0  min pellet 130 4.3 15
4,000g x 1 0  min pellet 187 6 . 1 98
1 0 ,0 0 0 g x 2 0  min pellet 163 5.3 125
105,000g x 60 min pellet 205 6.7 256
105,000g x 60 min supernatant 1769 57.5 150
Total recovery was 79.9% (mean of four determinations)
RS
A
L & .  , L / X « J  V X  J . U U L X U 1 I. J  L U U X ^ O _ i_ i i  a  v w v ^ a u u  p ^ a i  1 1 1 1 ^ 0 ^ ^ 0 . 1  p  x  j .  c t v ^  u
i) Succinate dehydrogenase ii) Total acid phosphatase
6.0 r-
4.0
2.0
0- SO----  JLOO
% Total Protein
2.0
^ 1 . 0
10050
% Total Protein
3.0_
iii) Glucose-6 -phosphatase
2-.0
<
1.0
% Total Protein
2.0r-
iv) DNA
0 50 100
% Total Protein
v) RNA
2.0_
1.0
.1
0 50 100
% Total Protein
RSA = Relative Specific Activity RSM = Relative Specific Amount
d) Summary
The published marker enzyme patterns for rat liver fractions 
were confirmed.
Using the aetiolated bean fractions, DNA and succinate 
dehydrogenase were possible markers for the crude nuclear and 
mitochondrial fractions respectively.
In the avocado pear DNA, succinate dehydrogenase and glucose- 
6 -phosphatase were potential markers for the nuclearr 
mitochondrial and microsomal fractions respectively, however poor 
recoveries of the latter two make a clear distinction between the 
various fractions difficult, especially as the RNA values were 
also inconclusive.
The poor resolution obtained with plant tissues highlights 
the problem of homogenisation and centrifugation. It is clear that 
conditions which are satisfactory for a mammalian tissue such as 
liver may be completely unsuitable in the context of cell walls and 
vacuoles. Low recovery values for plant tissues may be associated 
with the release of phenolics during disruption. These are normally 
contained within the vacuole and may well prove effective in the 
denaturation and precipitation of macromolecules. The addition of 
polyviny 1 -py rro 1 idene (P.V.P.) could overcome this problem 
(Firenzuoli et aL, 1969). More controlled homogenisation followed 
by gradient centrifugation could markedly improve resolution 
(Halliwell, 1974).
B. Electron Microscopy
a) Results
Development of suitable fixing and staining techniques for
tissues from higher plants proved to be difficult. Again what
applies to rat liver may not be satisfactory for plant tissues.
Large lipid bodies are seen in preparations from avocado pear
mesocarp (Fig. 74, p. 234) as well as large empty spaces produced
by shrinkage of the cell contents away from the cell wall following
fixation and dehydration (Fig. 7 5 , p. 235). The rat liver electron
micrograph shows all the normal characteristics (Fig. 76, p. 236).
So far no effective electron-micrographs of subcellular fractions
from higher plants have been achieved. This is especially
disappointing in the case of cytochrome P-450 fractions i.e. the
105,000g x 60 minute pellet (Fig. 77, p. 237).
Key to electron micrography
CW Cell Wall 
ER Endoplasmic reticulum 
G Glyoxysome 
GB Golgi body 
L Lipid body 
M Mitochondrion 
N Nucleus 
P Plastid 
PM Plasma membrane
Fig. 74 Avocado mesocarp tissue showing lipid rich (osmiophilic) 
cells (x 600)
Electron Micrograph
Fig. 75 Ripe avocado mesocarp tissue (x 25,000)
(osmium tetroxide-uranyl acetate)
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Electron Micrograph
Ik
Fig. 76 Rat liver showing normal cellular characteristics (x 25,000) 
(osmium tetroxide-uranyl acetate)
Electron Micrograph
Fig. 77 Ripe avocado mesocarp tissue (x 25,000) 
(osmiumtetroxide-uranyl acetate)
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Since the discovery of mammalian cytochrome P-450 (Garfinkel,
1958; Klingenberg, 1958) studies have been undertaken to determine 
its biochemical function. As with rat liver the CO-binding haemo- 
protein was found to be in association with the 105,000g x 60 min .)
pellet (i.e. microsomal pellet equivalent) preparations from various 
higher plants including: Persea americana, Phaseolus vulgaris, Pisum 
sativum and Zea mays. The total cytochrome P-450 content of the 
various higher plant tissues studied were between one hundred and 
one tenth of those calculated per unit of protein for the corresponding 
rat liver preparation. The highest levels were found in Persea americana 
mesocarp (0.12 + 0.04 nmol of cytochrome P-450/mg of protein) , this 
being comparable with those found in mammalian extrahepatic tissues 
(i.e. lung, spleen and testes). The levels obtained in the other 
higher plants studied were much lower, being of the same order of magnitude 
as those obtained from microsomal preparations from placental tissues 
(Pelkonen and Khrki, 1973; Aranda et aL, 1974).
Cytochrome P-450 has also been found in the mitochondria of rat 
adrenals (Harding et aL, 1966; Cooper et aL, 1973; Schleyer et al, 1973; 
Bergon et aL, 1974; Jefcoate et al., 1974) and in bovine adrenal cortex 
(Ando and Horie, 1971; Ando, 1973; Wang et al., 1974) as well as in the 
mitochondria from corpus luteum (Yohro and Horie, 1967). Cytochrome 
P-450 in adrenal cortex and ovaries has the same location as the 
respiratory chain cytochromes i.e., it is found in the inner mitochondrial 
membrane (Satre et al., 1969; Sottocasa and Sandri, 1970; Sweat et al.,
1970; Yago et al., 1970). Various crude mitochondrial fractions
prepared from a number of higher plants failed to give a distinct
CO-difference spectra. The only fraction which was found to contain 
cytochrome P-450 was the 105,(XX)g x 60 min pellet spun down from the 
10,000g x 20 min supernatant. Cytochrome is also present in 
mammalian microsomal preparations (Hrycay and Estabrook, 1974) and 
NAIX^-difference spectra studies revealed the presence of this cytochrome 
in various 105,000 g x 60 min pellet preparations from the ’P-450' 
containing higher plants.
Cytochrome P-450 is readily separated from b^ (Sato et al*, 1965;
Imai and Sato, 1968b), but is easily modified to cytochrome P-420 which 
spectrally resembles other b-type cytochromes and readily reacts with 
CO. The cytochrome b^ can be removed by solubilisation with pancreatic 
lipase, with the cytochrome P-450 remaining attached to the particles 
initially, with some conversion to cytochrome P-420. This conversion 
to ’P-420’ is characteristic of the cytochrome P-450 complex and can 
be achieved by a number of reagents and compounds including: detergents, 
organic solvents and phospholipases (Ichikawa et al., 1969). Cytochrome 
P-420 has been purified by ammonium sulphate fraction and filtration 
through calcium phosphate and sephadex gels. It has a molecular weight 
of about 150,000 (monomer at pH 9.5). The absorption maxima of its 
ferrous foim at 559, 530 and 427 nm (e = 1.49 x 105 for the major peak 
at 427 nm)..are at the wavelengths of other b-type cytochromes. It reacts 
with CO giving a higher absorption (e = 2.13 x 105 at 421 nm). Its redox 
potential was found to be -20mV at pH 7.0. Hepatic cytochrome P-450 is 
readily converted to ’P-420' by deoxycholate, iso-octane and phospholipase 
C (see page 113). Initial studies on higher plants (pea, bean and sweet 
com seedlings) showed that the peak at 450 nm was markedly transient,
the decrease in the 450 nm peak being accompanied by a parallel increase 
in the 420 nm peak. The addition of 2M glycerol and 0,02 M 2-mercapto- 
ethanol reduced the rate of conversion to cytochrome P-420. Total 
conversion to 'P-420' was achieved rapidly following treatment with 
deoxycholate or phospholipase G or various organic solvents.
The cytochrome P-450 complex observed by difference spectra in 
Persea americana mesocarp appeared to be very stable even in the 
absence of glycerol or thiol. Presumably this is an aspect of the 
lipid rich milieu the same effect being noticed in castor bean endospem 
(Lord et al., 1973). However, the conversion to cytochrome P-420 
could be achieved by the treatments previously described. Reduced 
temperature did little to slow the loss of P-450 in preparations from 
pea, bean and sweet com although 2M glycerol was helpful in decreasing 
instability. The effect of storage on avocado pear cytochrome P-450 
was: more akin to the results obtained with rat liver preparations, with 
the conversion to 'P-420' being slow especially at temperatures below 
4°C even in the absence of glycerol.
Compounds other than carbon monoxide which have been used as ligands 
for cytochrome P-450 include ethylisocyanide and metyrapone (Kahl et al.,
1974). The isocyanide combines to give two interconvertible forms, the 
ratio of which is altered by pH, a low pH favouring the form with a 
maximum at 455 nm, a higher pH favouring a maximum at 430 nm (Nishibayashi 
et aL, 1966; Imai and Sato, 1968b). Metyrapone produces a normal type II 
spectrum with a maximum at 430 nm, however, the addition of dithionite 
abolishes this spectrum and produces an absorption peak at 448 nin (Hildebrandt 
et aL, 1969; Kahl et al*, 1974). Both these effects were observed with 
cytochrome P-450 containing preparations from rat liver, but only metyrapone 
seemed to ligand with the cytochrome P-450 of avocado mesocarp.
The formation of cytochrome P-450 is induced by phenobarbital 
(Remmer, 1972; Conney et aL, 1973; Nebert et al., 1973; Hoeven et al.,
1974; Scharf and Ullrich, 1974), 20-methylcholanthrene and other 
polycyclic hydrocarbons (Alvares et aL, 1973a;Chhabra and Fouts, 1974; 
Vainio and HMnninen, 1974). The increase has been shown to be a true 
increase rather than a decreased breakdown (Grein et al, 1970) , and 
requires protein synthesis (Marshall and McLean, 1969) leading to the 
formation of specific apoproteins of ’P-450' which vary with the inducing 
agent. Induction of <5-ALA synthetase is required for the increase
of haem synthesis (Baron and Tepley, 1970) and newly labelled S-ALA 
is found in P-450 (Levin et al., 1970). Allylisopropyl-acetamide (De 
Matteis, 1970) inhibits haem synthesis and thus can decrease cytochrome 
P-450 synthesis. However, probably by removal of feedback inhibition 
porphyrin synthesis is increased and so there may be a later burst of 
P-450 synthesis. Induced enzymes in the absence of an inducer may 
undergo rapid breakdown. This was shown for ’P-450' (Schmidt et al.,
1966; Robinson, 1969) with the early formation of 'labelled bile 
pigments’.
Hepatic cytochrome P-450 was found to be readily induced by 
phenobarbital, 2 0 -methylcholanthrene and safrole; however, only the 
administration of the latter resulted in a significant increase in 
cytochrome P-450 in avocado pear mesocarp. No increase was observed 
in preparations from various seedlings either with the compounds 
mentioned above or with auxins including indoleacetic acid and 
naphthylacetic acid. One problem is to ensure that the possible 
'inducing' agent enters into the plant cells.
An indication of higher plant cytochrome P-450 function may be obtained 
through spectral binding studies; however, spectral evidence of binding 
is not necessarily a pre-requisite for metabolism nor will metabolism 
always follow even through spectral binding be demonstrated. Various 
drugs, steroids and a variety of other compounds were found to bind to 
rat liver cytochrome P-450 causing the characteristic type I and type II 
spectral changes. The failure to elicit spectral changes with seedling 
cytochrome P-450 in the presence of a variety of compounds is not surprising 
in the light of the low content of the CD-binding haemoprotein; further 
access of the 'substrate* to the binding site may be impeded by the type 
of membrane found in plant tissue. There is also the possibility of 
interfering pigments which may mask binding spectra as is. the case with 
haemoglobin in mammalian tissues (Ullrich, 1969). It may also be possible 
that plant cytochrome P-450 only binds a limited range of substrates 
(c.f. camphor binding to Pseudomonas putida P-450). In the mesocarp 
preparations metyrapone, 2,4-dichlorophenoxyacetic acid and lauric acid 
caused significant spectral changes. No clear pattern emerged to 
determine the 'logic' for the binding of those compounds to mesocarp 
cytochrome P-450, although there is evidence for hydroxyl at ed metabolites 
of 2,4-dichlorophenoxyacetic acid in various higher plants including, 
Phaseolus vulgaris (Hamilton et al., 1971). The mechanism of hydroxylation 
is thought to involve the 'NIH' shift (Thomas et aL, 1964; Guroff et al, 
1967). Evidence is now presented of oxidation of lauric acid by mesocarp 
subcellular fractions. Mammalian cytochrome P-450 is involved in the 
hydroxylation of a wide number of diverse compounds including steroids 
and xenobiotics. A range of reactions known to involve mammalian 
cytochrome P-450 were studied in the various higher plant tissues.
Using rat liver preparations all the model compounds studied produced 
results comparable with other workers. The majority of enzyme activities
being either markedly inhibited by various compounds including CO or 
SKI7 525A, or increased by pretreatment with barbiturates or polycyclic 
hydrocarbons. The fungistat biphenyl was readily hydroxylated by the 
liver preparation but in the case of plant tissue only mesocarp showed 
detectable levels of'activity. The mesocarp activity was associated 
with both the 105,000g x 60 min pellet and supernatant fractions, and 
there was evidence for both 4- and 2-hydroxylase activity. Studies 
involving CO, SKF 525A, metyrapone, Cu2+, and a,ar-bipyridyl produced 
only slight inhibition compared with the marked inhibition when using 
rat and hamster hepatic preparations. Pretreatment, in vivo, failed 
to increase the level of mesocarp hydroxylation of biphenyl. However, 
in vitro, pre-incubation of the 105,000_g x 60 min pellet with a carcinogen 
(e.g. 10~5M 3,4 benzo [a] pyrene)resulted in a selective enhancement of 
biphenyl 2 -hydroxylase activity in both rat liver and mesocarp 
preparations, with the 4-hydroxylase activity remaining unchanged. No 
increase in cytochrome P-450 level or NADPH2 cytochrome P-450 reductase 
activity could be detected.
Studies involving other model systems including aniline hydroxylation, 
p-nitroanisole 0-demethylation and p-chloro-N-methylaniline N-demethylation 
gave low but detectable levels of activities in the mesocarp. The 
activities detected in higher plant tissue were relatively unaffected by 
various inhibitors or pretreatments. The work of Frear et'al.,(1969). indicates 
that the N-demethylation of N-methylurea herbicides by various higher 
plants (i.e. aetiolated cotton seedlings and broad beans) involves a 
cytochrome P-450 type mechanism.
The assay used for benzo[a]pyrene hydroxylation is sufficiently 
sensitive to detect a rate of, as little as, 6 . 0  pmol/min/mg protein.
Thus with rat liver (0.45 nmol of 4-OH-benzoCalpyrene/mg protein/h) 
this activity is detectable with as little as lQmg fresh weight of tissue 
in the incubation. However, no activity could be detected in avocado 
pear mesocarp and this in spite of a cytochrome P-450 level (0.12 _+
0.04 nmol/mg protein) seemingly only an order of magnitude lower than 
rat liver (0.82 +_ 0 . 6  nmol/mg protein) and available machinery in 
NADPH^ - cy to chrome c reductase (420'+_ 120 and 1680 _+ 87 nmol/mg protein/h. 
for mesocarp and rat liver respectively) and NADP^ cytochrome P-450 
reductase 5^80 _+ 200 and 860 +_ 90 nmol/mg protein/h)for mesocarp and 
rat liver respectively. Interpretation of the role of NADH^- and 
NADPH^-cytochrome c reductases is confused by the lack of a clear picture 
after antimycin A treatment. The sensitive form is taken to be of
i
mitochondrial origin, the insensitive form is a microsomal marker 
(Halliwell, 1974).
Cofactor requirements for these various reactions were studied 
with special interest being given to NADPH^ and NAD^ dependence. The 
hepatic studies indicated a clear NADP^ requirement, which is expected 
for mixed function oxidase reactions involving cytochrome P-450 (Netter 
and Illing, 1974; Illing et aL, 1974). The results obtained with 
higher plants indicate,however, that NAD^ can replace NADP^, with no 
evidence for synergism.
The low levels of activity coupled with the various inhibition, 
cofactor and pretreatment studies, suggest that the major role of cytochrome 
P-450 in the higher plants studied is not the metabolism of foreign 
compounds in a general sense. There would seem to be specificity perhaps 
geared more to synthesis than excretion. This idea of a specific role for 
plant cytochrome P-450 is more akin to the cytochrome P-450 mediated 
reactions found in bacteria and mammalian tissues responsible for the metabolis
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of steroids(e.g. steroid 110-hydroxylase)«
Further clarification of the role of cytochrome P-450 in the lipid 
rich mesocarp of the avocado fruit was sought by studying the oxidation of 
lauric acid. The uroxidation of fatty acids has been found in rat 
liver microsomal fractions to involve cytochrome P-450, NADP^-cytochrome 
c reductase and phosphatidylcholine (Lu and Coon, 1968; Lu et al., 1969a; 
West and Lu, 1972). These studies here described give evidence for the 
metabolism of lauric acid in microsomal preparations from rat liver, 
as well as, by the 105,000g x 60 min pellet and supernatant fractions 
from avocado pear mesocarp. It is likely that the metabolism by hepatic 
preparations results in a mixture of products including, 
w- and o)-l hydroxylated acids, as well as, a trace of the dicarboxylic 
acid . (see page 73) . The studies by Harwood and Stumpf (1971) 
involving acids similar to lauric, but not lauric itself, indicate that 
the metabolic activity was associated with the 105,000 g x 60 min super­
natant rather than the accompanying pellet. They also suggested that 
the product formed was mainly a result of 0 -oxidation, therefore until 
the product (s) are identified the exact mode of the metabolism of lauric 
acid by mesocarp fractions cannot be determined. However, the high 
lipid content, the presence of cytochrome P-450 and NADP^-cytochrome c 
reductase, and the inhibition by C0,a,aX-bi py'ridyl and SKF 525A suggest 
the involvement of cytochrome P-450.
The possible role of cytochrome P-450 in biosynthetic processes in 
higher plants was studied using the hydroxylation of cinnamic acid, an 
important stage in the synthesis of essential phenolic compounds 
(Luckner, 1972; Potts et aL, 1974). This indicated that both pea 
seedling (105,000 g x 60 min pellet) and avocado pear mesocarp (105,000 g 
x 60 min pellet and supernatant fractions) can metabolize cinnamic acid
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to 4-hydroxycinnamic acid. In the case of the supernatant fraction, 
the 4-hydroxycinnamic acid is further hydroxylated to caffeic acid 
probably by a soluble phenolase enzyme. The studies on aetiolated 
pea seedlings agree with the work of Russell (1971). There is a 
requirement for NADPl^ and 2-mercaptoethanol and the reaction is 
inhibited by carbon monoxide. Similar findings were observed with 
the 105,000 g x 60 min fractions from avocado pear. The mesocarp levels 
were slightly less than those obtained from aetiolated pea seedlings, 
but greater than levels obtained from aetiolated cotton seedlings by 
BUche and Sandermann (1973). The need for the addition of lipid to 
obtain maximum activity in the BUche arid Sandermann'study is probably satisfie 
by the high endogenous lipid content of avocado mesocarp tissue
Bacterial,and to some extent, mammalian (i.e. adrenal, placental 
and testicular) cytochrome P-450 is involved in a limited number of 
metabolic steps, geared to the synthesis of required metabolites rather 
than the elimination of undesirable compounds ingested with nutrients. 
Microbial studies on cytochrome P-450 include Rhizobuim japonicum 
bacteroids (Appleby, 1967; 1968); Pseudomonas putida grown on (+)- 
camphor as the sole carbon source (Katagiri et al, 1968; Yu and Gunsalus, 
1974a); Corynebacterium sp. 7E1C (Cardini and Jurtshuk, 1970). The 
level of cytochrome P-450 is markedly changed by different environmental 
circumstances. Thus free living air-grown Rhizobium japonicum contains 
some soluble P-450 (5.8 nmol/g of original whole-cell protein), whereas 
Rhizobia grown anaerobically in the presence of nitrate contained an 
increased amount of P-450 (17.0 nmol/g of original whole-cell protein)
(Daniel and Appleby, 1972). Similarly fP-450-content of Pseudomonas 
putida increases from below detection limits to 0.15 nmol /mg dry 
weight when the bacterium is grown on media containing (+)-camphor 
(Peterson, 1970).
The Rhizobium and Pseudomonas P-450’s differ from mammalian P-450 
in the relative ease with which they are released from the particulate, 
thus providing soluble preparations which have led to the crystallisation 
of fP-450^^’ (Yu and Gunsalus, 1974 a,b) and the highly purified preparations 
of the Rhizobium P-450 (Daniel and Appleby, 1972)..
Is avocado mesocarp a suitable tissue for the ready solubilisation 
of cytochrome P-450? A simple extraction procedure was tried using 
* Tergitol NPx'and resuspended 105,000 g x 60 min pellet preparations from 
mesocarp tissues (5-15 mg protein/ml). Following 15 hours extraction at 4 ^
with stirring, and a 3h. centrifugation at 105,'000 g the resulting supernatant 
fraction on reduction with dithionite and CO-flushing gave a significant peak
450 nm whereas only a 420 nm was observed in the residual pellet. The
450 nm peak was found to be relatively stable at 4°C, remaining for a
period of days in the presence of glycerol. Other detergents were tried 
/ \
in place of Tergitol NPX but were found to be of little use. Substrate 
binding experiments were attempted using the soluble preparations but no 
spectra were obtained, solubilisation removed the limited ability of 
mesocarp cytochrome P-450 to bind certain compounds. This loss could 
result from conformational change in the cytochrome following its release 
from the lipid milieu of cytoplasmic membranes.
The general trend of the plant results point to the particular in 
metabolism rather than the general. Cytochrome P-450 is used as a generic 
name for related systems which, in the plant kingdom, are involved in 
such metabolic systems as phenolic biosynthesis and fatty acid oxidation.
It is not surprising that the autotroph has little need for detoxication 
mechanisms and that where cytochrome P-450 does occur in higher plants it 
has a discrete rather than a blanket role. The occurrence of heterotrophic
characteristics is likely to be accompanied by the need for general 
detoxication mechanism. Thus insectivorous plants might be expected 
to show the presence of cytochrome P-450 especially in the digestive- 
absorption region and especially after challenge.. Lack of tissue 
has prevented the achievement of a clear negative or positive 
experimental answer to this conjecture.
There are at least two other areas where cytochrome P-450 in plants 
may be specially involved. One involves protection of the plant against 
either bacterial or fungal attack by the production of relatively low 
molecular weight compounds including phytoalexins. These compounds 
may be present as a persistent chemical barrier to supplement mechanical 
barriers such as the cuticle. Or they may be activated in response to 
parasitic attack surging upwards from a minimal base-line level to high 
defence levels. This latter group - the phytoalexins,(Deverall, 1972) 
have structural features (Fig. 78 , p. 250 ) which suggest cytochrome P-450 
involvement. The need for rapid synthesis indicates the need for an 
adaptable system - to which end cytochrome P-450 is demonstrably well 
suited.
The other function of cytochrome P-450 could be the control of 
free radical production within the cell. Studies on reconstituted liver 
microsomal enzyme systems show that superoxide (C^ *). is generated by 
NADPH^-cytochrome P-450 reductase in the presence of 0^  and NADPH^, 
and agents that decompose superoxide (superoxide dismutase or Tiron(disodium 
l,2-dihydroxybenzene-3,5-disulphonate monohydrate)] cause inhibition of 
cytochrome P-450 catalyzed reactions (Kumar et al., 1972; .
Hrycay and O’Brien, 1973). The superoxide may serve as an essential 
electron donor or as an activated form of oxygen. Thus its role could be
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at one or more of three steps: transfer of the first electron 
resulting in the reduction of cytochrome P-450 to the ferrous 
state; attack on the substrate with oxygen insertion; or transfer 
of the second electron which accompanies substrate hydroxylation 
with the reduction of an oxygen atom to water (Fig. 62, p. 157) .
Hrycay and O'Brien (1971; 1972; 1973) have also shown that , 
cytochrome P-450 acts as a microsomal peroxidase, accepting steroid 
fatty acid and other organic substrates. This peroxidase activity 
was found to involve NADPH2-cytochrome c reductase and cytochrome 
P-450. It was inhibited by the antibody to NADPH2-cytochrome c 
reductase or by thiol reagents; (p-chloromercuribenzoate); loss of
activity paralleled conversion of cytochrome P-450 to P-420. Phenobarbital 
treatment in vivo caused marked stimulation and tissues containing high 
amounts of cytochrome P-450 per mg of protein were the most active 
in catalyzing NADPH2-peroxidase reactions. Therefore it is possible 
that the cytochrome P-450 found in higher plants may be involved in 
free radical production.
In this study spectral evidence for a cytochrome P-450 type 
material has been established in higher plants. In the avocado 
mesocarp the centrifugation pattern, stability and binding-spectra 
show a close affinity with the well established hepatic system.
Certainly the metyrapone type II binding spectrum and the 
appearance of a 448nm peak after the addition of dithionite 
reinforce the closeness of the relationship.
What is the function of this cytochrome P-450 in higher plant 
tissue? There are several possibilities which could be
conveniently investigated using the avocado preparation. These 
can be classified under three headings:- internal metabolism, 
i.e. maintenance of the cellular environment of the mesocarp 
and other tissues; mechanisms related to external factors,
i.e. protection against various agents which may affect the 
homeostasis of the fruit including water loss and pathogen 
attack; mechanisms designed to affect homeostasis especially as 
shown in the climacteric, i.e. the control of ethylene formation. 
Clearly these three categories are not independent one from the 
other.
In biochemical terms one possible area of cytochrome P-450 
involvement is in fatty acid metabolism. The avocado is an 
unusual fruit in that the mesocarp contains little carbohydrate 
but as much as 20V fresh wt triglyceride. The fatty acid 
pattern includes of the order 601 oleic and 151 linoleic. The 
formation of these unsaturated fatty acids in the aerobic 
organism is a matter of some debate (Hitchcock and Nichols, 1971).
In essence:- R GH2 CH2 (CH2 )nC0 .SCoA + 02 + NADPH2
^^Desaturase 
R.CH = CH(CH2 )nC0.SCoA + H20 + NADP+
Even in this outline reaction the desaturase can be seen to be 
related to cytochrome P-450 in terms of function (Fig. 79, p. 254). 
There are two possibilities, the first involves the formation of 
an hydroxylated intermediate (probably enzyme bound in a 
multienzyme complex) which is then dehydrated to produce the 
olefinic bond. The second involves removal of two hydrogens to 
produce directly the double bond, the cytochrome P-450 acting in
this case as a terminal oxidase so that 2H+ + 2e + J02— — •►H20. 
An inverse relationship between levels of cytochrome P-450 and 
cytochromes a/a3 has been established in yeast (Wiseman et al»,
1975). One possible investigation is to find whether sterculic 
acid (8-[2,-octylcycloprop-l'-enyl]octanoate) which inhibits 
desaturase activity will also inhibit cytochrome P-450 mediated 
reactions.
Cytochrome P-450 and P-420, in common with other 
haemoproteins, show peroxidase activity. This aspect has been 
developed by Hrycay and O’Brien (1971; 1972; 1973). Rathmell and 
Bendall (1971; 1972; 1972a) have discussed the role of peroxidase 
in phenolic formation, including free radical polymerisation 
reactionsleading to lignin. Cytochrome P-450 is directly 
involved in the 4-hydroxylation of cinnamic acid, an early stage 
in the phenolic biosynthetic sequence (Russell, 1971; Potts et aly
1974).
Phenolics may play several roles in the resistance of the 
plant to predator attack. Lignin is an effective mechanochemical 
barrier, and if this barrier is penetrated the plant can respond 
by chemical defence mechanisms. Thus tannins of suitable 
molecular size can cross-link and thus inactivate proteins 
including, presumably, exocellular hydrolase and eliminase enzymes 
from the pathogen. Several tannins have been isolated from the 
avocado pear (Fig. 80, p. 254). Avocado fruit resist invasion 
by bacteria and fungi as long as they are in the pre-climacteric 
state. Immediately after the peak of the climacteric, the 
slices become an excellent substrate for micro-organisms. It is
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possible that in the pre-climacteric phase, tannins or some other 
component contribute to the resistance against micro-organisms. 
Variable results of the antimicrobial experiments may be due to 
the failure to use pre-climacteric fruit consistently (Biale and 
Young, 1971).
A wide range of phytoalexins have now been described, many 
based on hydroxylated pterocarpans (Fig. 78, p. 250). The 
formation of these are induced as a response to the invading 
predator and the mechanism of synthesis could well involve 
P-450 directly as a mixed function oxidase, or indirectly as a 
peroxidase (Deverall, 1976).
The avocado has a marked climacteric, the order of ethylene 
concentration rising from 0.1 ppm in the internal atmosphere at 
the time of picking to 700 ppm at the climacteric peak. This 
dramatic rise has been shown by Mapson (1970) and others to 
involve methionine and/or linolenic acid, and to involve a free 
radical mechanism centred on peroxidase.
Lipoxygenase (lipoxidase) may be involved in ethylene 
production and in cutin formation. This again involves a free 
radical mechanism and it could well be that there is a 
relationship between the enzyme and cytochrome P-450.
Lipoxygenase is involved in a possible cellular repair mechanism 
in that it is required for traumatic acid (dec-1-trans-ene-1,10- 
dicarboxylic acid)synthesis (Hitchcock and Nichols, 1971).
Lipoxygenase
Free linoleic —— — — — ----— ► Traumatic
or linolenic acid acid
Cell enlargement
division 
(i.e. repair)
These a,w-dicarboxylie groups may involve 00-oxidation. This process 
has been shown to involve cytochrome P-450 in hepatic tissue 
(Lu et aL, 1969). Cutin and the waxes form the major constituents 
of the cuticle layer which covers the epidermal cells of the leaves, 
fruit and other tissues of higher plants. The cuticle certainly 
plays a major role in the control of dehydration (transpiration) 
of plant tissues, it may be of importance in terms of predator 
attachment and penetration, and as a U.V. barrier especially in 
mountain plants. Kolattukudy (1972) has provided evidence 
for aj-oxidation, and thus probable cytochrome P-450 involvement, in 
the formation of the cuticle. In this the w-hydroxyl of one fatty 
acid can esterify with the a-hydroxyl of another fatty acid and 
in this way a polymeric network can be established.
The work carried out so far is only the beginning in the 
search for the structure and function of the cytochrome P-450 
complex associated with higher plants. The findings suggest that 
the cytochrome P-450 complex found in higher plants is involved 
in a limited number of metabolic steps which may vary from plant 
to plant. Thus there is more of a relationship to the mammalian 
mitochondrial cytochrome P-450 system than to the microsomal 
system. Continuation of solubilisation studies could lead to
Damage to Tissue
Lipid --------------- — — ►
Lipolysis
determination of.both molecular weight and structure, with location 
and role being further classified with the aid of E.S.R. and 
electron microscopy.
The spectral observation of cytochrome P-450 in plant tissue, 
at least in a lipid rich milieu, has led to its use as a marker 
enzyme for the microsomal fraction (Lord et al, 1973) a very 
important finding in the vexed area of plant cell fractionation 
(Halliwell, 1974). The in vivo role of cytochrome P-450 in the 
avocado mesocarp is far from resolved, but then the function of 
the mesocarp itself is still a matter for discussion. If the 
Darwinian theme of attractiveness to the ’right' predator but 
resistance to the 'wrong’ one holds, then natural selection to 
this end could well involve cytochrome P-450.
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